©X  UBBtf 

wn$M 


Digitized  by  the  Internet  Archive 
in  2020  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/Abeywardena1981 


THE  UNIVERSITY  OF  ALBERTA 

RELEASE  FORM 

NAME  OF  AUTHOR  Mahinda  Yapa  Abeywardena 

TITLE  OF  THESIS  Lipid  modulation  of  the  ouabain  sensitivity  of 

(Na+  +  K+)-ATPase. 

DEGREE  FOR  WHICH  THESIS  WAS  PRESENTED  Doctor  of  Philosophy 
YEAR  THIS  DEGREE  GRANTED  1981 

Permission  is  hereby  granted  to  THE  UNIVERSITY  OF  ALBERTA 
LIBRARY  to  reproduce  single  copies  of  this  thesis  and  to  lend 
or  sell  such  copies  for  private,  scholarly  or  scientific 
research  purposes  only. 

The  author  reserves  other  publication  rights,  and  neither 
the  thesis  nor  extensive  extracts  from  it  may  be  printed  or 
otherwise  reproduced  without  the  author's  written  permission. 


THE  UNIVERSITY  OF  ALBERTA 


LIPID  MODULATION  OF  THE  OUABAIN 
SENSITIVITY  OF  (Na+  +  K+)-ATPase 


by 


MAHINDA  YAPA  ABEYWARDENA 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 
IN  PARTIAL  FULFILLMENT  OF  THE  REQUIREMENTS  FOR  THE  DEGREE 

OF  DOCTOR  OF  PHILOSOPHY 


DEPARTMENT  OF  PHARMACOLOGY 


EDMONTON,  ALBERTA 
SPRING,  1981 


THE  UNIVERSITY  OF  ALBERTA 


FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 


The  undersigned  certify  that  they  have  read,  and  recommend  to  the 
Faculty  of  Graduate  Studies  and  Research,  for  acceptance,  a  thesis  en¬ 
titled  LIPID  MODULATION  OF  THE  OUABAIN  SENSITIVITY  OF  (Na+  +  K+)-ATPase, 
submitted  by  Mahinda  Y.  Abeywardena  in  partial  fulfillment  of  the 
requirements  for  the  degree  of  Doctor  of  Philosophy. 


TO  MY  PARENTS 


IV 


■ 


ABSTRACT 


The  membrane  fractions  enriched  in  (Na+  +  K+)-ATPase  isolated  from 
beef  brain  (homeotherm)  and  crab  nerve  (poi ki lotherm)  showed  markedly 
different  sensitivities  to  inhibition  by  ouabain.  The  ID^q  values  to 
ouabain  inhibition  of  the  two  enzyme  preparations  differed  by  more  than 
two  log  units.  Polyacrylamide  gel  electrophoresis  revealed  that  poly¬ 
peptide  subunit  pattern  of  the  two  enzymes  were  quite  similar. 

However,  lipid  analysis  studies  indicated  that  the  lipid  composition 
of  the  two  enzyme  preparations  are  quite  different.  The  crab  nerve  en¬ 
zyme  preparation  had  an  increased  cholesterol/phospholipid  ratio.  In 
addition,  the  lipids  of  crab  nerve  enzyme  were  found  to  be  more  "fluid" 
and  contained  more  long  chain  fatty  acids  compared  to  enzyme  from  beef 
brain. 

The  possible  role  of  membrane  lipid  composition  in  regulating  the 
ouabain  interaction  properties  of  (Na+  +  K+)-ATPase  was  investigated. 

This  was  studied  by  reconstitution  of  both  beef  brain  and  crab  nerve 

+  -f 

(Na  +  K  )-ATPase  into  liposomes  of  controlled  lipid  composition.  The 
observations  can  be  suirmarized  as  follows. 

a)  The  reconstitution  of  (Na+  +  K+)-ATPase  into  lipid  bilayer 
structure  was  achieved  by  using  a  novel  gel  filtration  procedure. 
This  method  resulted  in  the  incorporation  of  over  80%  of  (Na+  + 
K+)-ATPase  into  liposomes. 

b)  The  results  strongly  suggest  that  membrane  lipids  are  capable 
of  modulating  the  interaction  of  inhibitors  such  as  ouabain, 
with  the  (Na+  +  K+)-ATPase  enzyme  system. 


v 


c)  The  membrane  lipid  fluidity  has  a  direct  influence  on  the 
catalytic  activity  of  (Na+  +  K+)-ATPase. 

d)  The  ouabain  interaction  properties  of  beef  brain  (Na+  +  K+)- 
ATPase  were  unchanged  when  the  fluidity  of  the  lipid  matrix  was 
varied.  It  is  concluded  that  inhibition  by  ouabain  of  beef 
brain  (Na+  +  K+)-ATPase  is  not  regulated  by  the  physical  state 
of  the  bulk  lipid. 

e)  It  is  speculated  that  the  increased  chain  length  and  the  degree 
of  unsaturation  of  the  phospholipid  acyl  chains  may  be  respons¬ 
ible  for  the  decreased  ouabain  sensitivity  observed  with  crab 
nerve  (Na+  +  K+)-ATPase. 
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INTRODUCTION 


I.  INTRODUCTION 


A.  General 

Almost  all  animal  cells  maintain  a  low  sodium  (Na+)  and  a  high 
potassium  (K+)  concentration  inside  the  cell  contrasting  with  the  in¬ 
verse  situation  in  the  extracellular  fluid.  In  order  to  maintain  this 
difference  in  ion  distribution  (which  generates  a  transmembrane  potent¬ 
ial),  the  cell  has  evolved  a  so-called  "pump"  mechanism  within  the 
plasma  membrane.  Intracellular  Na+  ions  are  actively  transported  out  of 
the  cell  whereas  K+  ions  are  transported  into  the  cell  by  a  tightly 
coupled,  energy  dependent  process  which  is  often  referred  to  as  the 
"Sodium  Pump".  While  studying  the  Na+  and  K+  fluxes  in  the  red  blood 
cell  Schatzmann  (1953)  found  that  adenosine  triphosphate  (ATP)  was  re¬ 
quired  for  active  ion  transport  and  that  this  process  could  be  inhibited 
by  very  low  concentrations  of  g-strophanthin,  a  representative  member  of 
the  group  of  drugs  known  as  cardiac  glycosides.  Some  years  later  Skou 
(1957)  discovered  an  adenosine  triphosphatase  (ATPase)  enzyme  in  a  frag¬ 
mented  membrane  fraction  of  the  leg  nerve  of  the  shore  crab  Cavoinus 

++ 

maenas.  This  ATPase  enzyme  was  unusual  because  in  addition  to  Mg  ions, 
it  required  the  presence  of  both  monovalent  cations  Na+  and  K+  in  a  de¬ 
fined  ratio  for  optimal  activity.  Although  the  activation  of  enzymes  by 
certain  alkali  metal  ions  has  been  reported,  many  times  before,  all 
these  other  systems  required  only  one  1 igand  for  full  activation.  The 
synergistic  effects  of  Na  and  K  discovered  by  Skou  indicated  that  this 
enzyme  was  different  from  almost  all  other  known  enzyme  systems.  Of 
even  greater  interest  to  the  present  study,  the  Na+  and  K+  stimulated 
component  of  the  ATPase  reaction  was  sensitive  to  inhibition  by  the  same 


1 


2 


cardiac  glycoside,  g-strophanthin  (ouabain)  used  earlier  by  Schatzmann 

(1953)  to  inhibit  active  cation  transport  in  the  red  cell.  Skou  (1957) 

suggested  that  this  enzyme  system  which  can  be  operationally  defined  as 

magnesium  activated,  sodium-plus-potassium-dependent,  ouabain  inhibited 

adenosine  triphosphatase,  which  henceforth  shall  be  referred  to  as 

(Na+  +  K+)-ATPase  (EC  3. 6. 1.3),  might  be  involved  in  the  transformation 

+  + 

of  chemical  energy  into  a  vectorial  movement  of  Na  out  of  and  K  into 
the  cell.  Since  that  time  extensive  investigation  of  this  enzyme  system 
has  provided  strong  circumstantial  evidence  to  support  Skou's  suggestion 
that  the  (Na+  +  K+)-ATPase  enzyme  system  is  the  energy  transduction 
mechanism  underlying  the  active  transport  of  Na+  and  K+  (Charnock  and 
Opit,  1968;  Whittam  and  Wheeler,  1970;  Dahl  and  Hokin,  1974;  Glynn  and 
Karlish,  1975).  The  more  recent  enzyme  reconstitution  experiments  which 
will  be  discussed  below,  have  provided  the  proof  that  the  (Na+  +  K+)- 
ATPase  is  in  fact  the  long  sought  sodium  pump  of  mammalian  cells. 

The  similarities  between  the  ion  transport  process  and  the  (Na+  + 
K+)-ATPase  enzyme  have  been  reviewed  (Whittam  and  Wheeler,  1970)  and 
discussed  in  detail  (Glynn,  1968).  Some  of  the  similarities  between  the 
sodium  pump  and  the  enzyme  activity  include, 

1)  Tissues  with  high  Na  and  K  transport  activity  also  possess 
high  (Na+  +  K+)-ATPase  activity  (Bonting  and  Caravaggio,  1963). 

2)  For  optimal  activity  both  active  ion  transport  and  enzyme  act- 

++  +  + 

ivity  require  ATP,  Mg  ,  Na  ,  K  .  In  addition  the  optimal  conc¬ 
entrations  of  these  ligands  required  by  both  systems  are  identi¬ 
cal  (Post  et  clL  . ,  1960) . 

3)  Both  monovalent  cation  transport  and  the  (Na+  +  K+)-ATPase  are 


' 
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inhibited  by  cardiac  glycosides  and  their  aglycones,  and  dis¬ 
play  the  same  structure-activity  relationship  towards  these  com¬ 
pounds  (Abeles,  1  969). 

4)  In  whole  cell  preparations  the  (Na+  +  K+)-ATPase  displays  the 
same  orientational  asymmetry  as  the  sodium  pump.  Mg++,  ATP  and 
Na+  are  required  on  the  inside  of  the  cell  membrane,  while  K+ 
and  cardiotonic  steroids  affect  both  systems  from  the  outside  of 
the  cell  (Hoffman,  1970;  Post  et  al . ,  1960;  Glynn,  1962;  Hoffman 
1962;  Laris  and  Letchworth,  1962;  Whittam,  1962;  Garrahan  and 
Glynn,  1967). 

In  all  some  fourteen  points  of  similarity  exist  between  the  coupled 
active  transport  process  for  Na+  and  K+  and  the  (Na+  +  K+)-ATPase  enzyme 
system  (Glynn,  1968).  By  1970  most  investigators  agreed  that  this  could 
not  be  coincidental  and  felt  that  the  (Na+  +  K+)-ATPase  must  be  more 
than  an  energy  source  for  ion  transport,  but  that  it  could  possibly  be 
the  "pump"  mechanism  itself.  However,  direct  evidence  for  this  idea  was 
lacking  until  the  reconstitution  studies  reported  below  were  carried  out 

B .  Reconstitution  Studies 

Recently  several  investigators  have  demonstrated  the  ATP-dependent 
and  ouabain  inhibitable  coupled  transport  of  Na+  and  K+  by  purified 
(Na+  +  K+)-ATPase  enzyme  preparations  which  have  been  reconstituted 
into  phospholipid  vesicles  (liposomes)  by  a  cholate  dialysis  method 
(Goldin  and  Tong,  1974;  Hilden  et  al .,  1974;  Goldin  and  Sweadner,  1975; 
Hilden  and  Hokin,  1975;  Anner  et  al .,  1977;  Goldin,  1977).  Such  recon¬ 
stituted  vesicles  were  able  to  exclude  Na+  from  their  interior  while 


, 
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they  accumulated  K+  against  a  concentration  gradient.  These  reconstitu¬ 
tion  experiments  have  provided  the  first  direct  evidence  that  the 
(Na+  +  K+)-ATPase  enzyme  protein  is  indeed  the  molecular  machine  respon¬ 
sible  for  the  vectorial  movement  of  Na+  and  K+  across  the  intact  cell 

membrane.  Many  of  the  character!* sties  of  reconstituted  (Na+  +  K+)-ATPase 
in  liposomes  were  found  to  be  identical  to  those  observed  in  intact  cell 
membrane  systems.  These  similarities  include, 

1)  Mg++  activated  ATP,  Na+  and  K+  dependent  coupled  transport  of 
Na+  and  K+  (A  transport  property). 

2)  The  transport  process  is  sensitive  to  inhibition  by  ouabain 
(A  transport  property). 

3)  The  stoichiometry  of  Na+/K+  pumped  per  ATP  hydrolyzed  is  1.43  : 

1,  a  ratio  which  is  very  close  to  that  observed  in  red  blood 
cell  and  nerve  membranes  (1.5  :  1).  However,  a  ratio  of  1.5  :  1 

for  ATPase-1 iposomes  has  been  reported  recently  (Goldin,  1977). 

(A  transport  property). 

4)  The  substrate  specificity  for  nucleoside  triphosphatases  is  sim¬ 
ilar  for  both  processes.  (Both  a  transport  and  an  enzymatic 
property) . 

5)  Absolute  specificity  for  Na+  at  the  'sodium  site'  is  still  main- 

+  + 

tained  but  Rb  will  substitute  for  K  .  (Both  a  transport  and  an 
enzymatic  property). 

+  +  +  + 

6)  Under  suitable  conditions  either  Na  -Na  or  K  -K  exchange 
occurs.  (A  transport  property). 

7)  The  ouabain  binding  site  is  on  the  opposite  surface  to  the  Na+ 
and  ATP  activation  sites.  (A  property  of  both  systems). 


- 


' 
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However,  even  in  the  best  oriented  liposome  systems,  about  half 
of  the  reconstituted  ATPase  molecules  have  lost  their  orientat¬ 
ional  asymmetry  with  respect  to  the  in  vivo  situation. 

C.  Structural  Aspects 

The  (Na+  +  K+) -ATPase  enzyme  system  has  been  isolated  and  purified 
from  a  variety  of  sources  including  the  outer  medulla  of  guinea-pig, 
rabbit,  sheep,  dog  and  pig  kidneys  (Charnock  and  Post,  1963a;  Kyte, 

1971a;  Lane  et  al .,  1973;  Jorgensen,  1974a;  Lane  et  al . ,  1978),  the  salt- 
gland  of  ducks  (Hopkins,  1974)  and  the  rectal-gland  of  the  dogfish 
Squalus  aoanthias  ( Ho  kin  et  al . ,  1  973),  as  well  as  the  el ectric-organ  of 
the  electric  eel  Electrophones  electvicus  (Perrone  et  al.,  1975).  Poly¬ 
acrylamide  gel  electrophoresis  of  purified  (Na+  +  K+)-ATPase  in  the  pre¬ 
sence  of  SDS  has  yielded  only  two  major  protein  components  despite  the 
variation  in  tissues,  species  and  isolation  procedures  (Kyte,  1971a  and 
1971b;  Kyte  1  972a  and  1  972b;  Wall i c k  et  al . ,  1  979).  The  molecular  weight 
of  the  larger  polypeptide  components  appears  to  be  about  90,000-100,000 
dal  tons,  whereas  the  smaller  polypeptide  which  has  been  shown  to  be  a 
sialoglycoprotein  has  an  apparent  molecular  weight  of  about  45,000  dalton 
(Lane  et  al.,  1  973  ;  Jorgensen,  1  974b;  Kyte,  1  975;  Perrone  et  al . ,  1  975). 
The  mass  ratio  of  large  to  small  polypeptide  has  been  reported  to  vary 
from  1  :7  (Kyte,  1  972b)  to  1:9  (Lane  et  al. ,  1  973) ,  2:3  (Hokin  et  al . , 
1973),  2:8  (Jorgensen,  1974b)  and  2:0  (Perrone  et  al.,  1975).  The  func¬ 
tional  unit  of  the  enzyme  appears  to  be  a  dimer  with  each  monomer  consist 
ing  of  one  large  polypeptide  chain  and  one  glycoprotein  subunit.  The 
evidence  for  this  suggestion  arises  from  cross  linking  studies  (Kyte, 


1  972b;  Kyte,  1  975;  Giota,  1  976);  the  molecular  weight  of  the  (Na+  +  K+)- 
ATPase  dimer  is  calculated  to  be  around  250-280,000  daltons.  This  figure 
appears  to  be  in  close  agreement  with  the  values  obtained  by  other  method 
such  as  radiation  inactivation  (Kepner  and  Macey,  1968),  steady-state 
phosphoryl ation  and  ouabain  binding  studies  (Hokin  et  al . ,  1973;  Lane 
et  al .,  1973;  Jorgensen,  1974b). 

Labelling  of  the  enzyme  protein  with  from  [y^P]-ATP  in  the 

presence  of  Mg++  and  Na+,  followed  by  polyacrylamide  gel  electrophoresis 

32 

in  SDS  have  revealed  that  the  P  migrates  exclusively  with  the  larger 
polypeptide  fragment  (Alexander  and  Rodnight,  1970;  Kyte,  1971b;  Uesugi 
et  al.  t  1 971 ) . 

The  concentration  of  the  large  polypeptide  fragment  increases  in 
proportion  to  the  specific  activity  of  (Na+  +  K+)-ATPase.  This  polypep¬ 
tide  unit  appears  to  contain  the  Na+  dependent  phosphoryl ation  site  in 
addition  to  possessing  sulphydryl  (-SH)  groups  with  specific  affinity  to 
ATP,  Na+,  K+  and  ouabain  (Jorgensen,  1975a).  These  latter  characterist¬ 
ics  have  been  used  to  identify  this  protein  as  the  catalytic  subunit  of 
the  (Na+  +  K+)-ATPase. 

In  studying  the  site  of  Na+  dependent  phosphorylation  of  the  cata¬ 
lytic  subunit,  Kahlenberg,  Galsworthy  and  Hokin  (1967  and  1968)  have  re¬ 
ported  a  glutamyl  phosphate  at  the  phosphoryl ation  site,  whereas  Post 
and  Kume  (1973)  suggested  that  the  phosphorylation  from  ATP  occurs  at  an 
aspartic  acid  residue.  Nishigaki  et  al .  (1  974)  have  provided  further 
evidence  which  indicated  that  the  Na+  and  Mg++  dependent  phosphoryl ation 
of  catalytic  subunit  by  [y  P]-ATP  occurs  at  the  8-carboxyl  group  of  an 
aspartic  acid  residue.  While  the  identity  of  the  phosphorylation  site 
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may  not  be  certain,  all  investigators  agree  that  an  acyl  phosphate  is 
formed  in  this  reaction. 

The  smaller  polypeptide  present  in  the  purified  (Na+  +  K+)-ATPase 
does  not  appear  to  bear  any  catalytic  functions.  At  the  present  time, 
there  is  no  direct  evidence  to  assign  a  functional  role  to  this  glyco¬ 
protein  subunit  although  several  suggestions  have  been  made  concerning 
this  (Kyte,  1972b).  The  glycoprotein  can  be  covalently  cross-linked  to 
the  catalytic  subunit  suggesting  that  they  are  in  close  proximity  to  one 
another  (Kyte,  1972b).  Moreover,  antibodies  raised  against  the  glyco¬ 
protein  appear  to  inhibit  the  (Na+  +  K+)-ATPase  in  a  concentration  de¬ 
pendent  manner,  indicating  that  the  glycoprotein  is  an  integral  part  of 
the  (Na+  +  K+)-ATPase  (Jean  et  al .,  1975;  Rhee  and  Hokin,  1975;  Jean  and 
Albers,  1977).  Conversely,  the  immunochemical  studies  of  Jean  et  al. 
(1975)  and  the  photoaffinity  labelling  studies  of  Ruoho  and  Kyte  (1974), 
Hegyvary  (1975),  Forbush  et  al.  (1978)  and  Forbush  and  Hoffman  (1979a, b) 
all  indicate  that  the  binding  site  for  cardiac  glycoside  is  located  on 
the  catalytic  subunit. 

It  is  known  that  in  the  intact  cell  the  hydrolysis  of  ATP  occurs  at 
the  interior  surface  of  plasma  membrane,  whereas  cardiotonic  steroids 
interact  only  from  the  outer  surface  of  the  cell  membrane.  Since  it  has 
been  shown  that  both  the  phosphorylation  site  and  the  ouabain  binding 
site  reside  on  the  catalytic  subunit,  it  is  clear  that  the  catalytic 
subunit  of  the  (Na+  +  K+)-ATPase  must  completely  span  the  plasma  memb¬ 
rane.  This  is  quite  feasible  for  a  protein  of  this  molecular  weight  and 

O 

an  average  membrane  thickness  between  70-100  A. 
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D.  Catalytic  Aspects 

The  reaction  sequence  of  ATP  hydrolysis  is  thought  to  occur  in  a 
step-wise  manner.  Although  the  detailed  reaction  mechanism  of  (Na+  +  K+)- 
ATPase  has  not  yet  been  fully  elucidated,  several  models  have  been  pro¬ 
posed  (Charnock  and  Post,  1963b;  Op i t  and  Charnock,  1965;  Siegel  and 
Goodwin,  1972;  Froehlich  et  al .,  1976).  The  following  sequences  of  react¬ 
ions  taken  from  Schwartz  (1976)  illustrates  the  complexity  of  the  mechan¬ 
ism  by  which  the  simultaneous  transport  of  Na+  and  K+  is  thought  to  occur. 


E-j  +  Mg* 


ATP 


Nai 


(E^P)-Na  +  ADP 


(Mg++) ? 


(E^P)-Na  ^  (E^P)  +  NaQ 


h2o  +  (e2^p) 


K 

E2-K  +  Pi 


E2-K 


e2  + 


Ki 


4 


ATP 


5 


In  the  above  scheme,  E-|  and  E2  represent  different  conformational 
states  of  the  non-phosphorylated  and  phosphoryl ated  (E^p  and  E2^P)  en¬ 
zyme.  P.  is  inorganic  phosphate  and  Na^ ,  K. ,  NaQ,  KQ  denote  intracellular 
and  extracellular  sodium  and  potassium  respectively.  Glynn  and  his  co¬ 
workers  (Glynn  et  al .,  1971)  have  referred  to  each  of  these  steps  as  the 


. 
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partial  reactions  of  the  system.  Earlier  reports  as  well  as  recent  stud¬ 
ies  indicate  that  the  catalytic  subunit  undergoes  conformational  changes 
during  the  reaction  cycle  which  include  Na+  dependent  phosphorylation  of 
the  enzyme  (Step  1)  and  K+  dependent  hydrolysis  of  the  phosphoenzyme 
(Step  3);  (Opit  and  Charnock,  1965;  Titus  and  Hart,  1974;  Giotta,  1975; 
Jorgensen,  1975b;  Jorgensen,  1977;  Jorgensen  and  Kloods,  1978).  However, 
recent  studies  by  Kudoh  et  al.  (1979)  indicate  that  the  reaction  sequence 
of  (Na+  +  K+)-ATPase  is  more  complex  than  that  illustrated  above,  since 

the  functional  unit  of  (Na+  +  K+)-ATPase  appears  to  operate  as  a  dimer. 

E%P 

Thus  the  terminology  I  has  now  been  introduced  into  the  reaction 

E^P 

mechani sm . 

The  phosphoryl ation  of  the  enzyme  can  be  achieved  not  only  by  ATP, 
but  other  nucleotides  have  been  shown  to  be  effective  as  well.  However 
ATP  appears  to  be  the  most  effective  substrate  (Charnock  et  al . ,  1963), 
while  CTP  and  ITP  have  moderate  effects.  GTP  serves  as  a  poor  substrate 
and  no  ouabain  sensitive  hydrolysis  of  UTP  was  observed  (Hokin  and  Yoda, 
1964;  Matsui  and  Schwartz,  1966;  Towle  and  Copenhaver,  1970;  Hegyvary 
and  Post ,  1 971 ) . 

The  cation  requirement  of  the  (Na+  +  K+)-ATPase  has  been  investigat¬ 
ed  extensively  by  several  workers.  The  requirement  for  Na+  at  the 
'sodium  site'  is  absolute.  Several  other  mono-valent  cations  can  replace 
K+  at  the  'potassium  site'  with  an  effectiveness  of  K+  >  Rb+  >  NH^+  >  Cs+ 

>  Li+  (Skou,  1965).  Tl+  has  also  been  shown  to  be  effective  with  ten 
times  the  affinity  of  K+  (Britten  and  Blank,  1  968;  Skul ski i  et  al.,  1973). 
The  presence  of  Mg++  is  essential  for  the  ATPase  reaction.  Other  divalent 
cations  such  as  Mn  ,  Co  can  substitute  for  Mg  but  with  decreased 
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efficiency  (Rendi  and  Uhr,  1964;  Atkinson  et  al . ,  1968;  Atkinson  and 
Lowe,  1972).  Fe++  and  Ca++-dependent  hydrolysis  of  ATP  which  is  not 
stimulated  by  Na+  and  K+  has  been  reported  (Rendi  and  Uhr,  1964;  Charnock 
and  Opit,  1968;  Atkinson  and  Lowe,  1972).  Thus,  Ca++,  Fe++  and  several 
other  divalent  cations  including  Zn++,  Cu++,  Ba++  and  Sr++  were  found  to 
inhibit  the  Mg++-dependent  reaction,  hence  the  inhibition  of  (Na+  +  K+)- 
ATPase  activity  (Rendi  and  Uhr,  1964;  Charnock  and  Opit,  1968;  Toda,  1968; 
Bowler  and  Duncan,  1  970;  Donaldson  et  al . ,  1971;  Robinson,  1  973;  Ting- 
Beal  1  et  al . ,  1  973).  Quite  recently  vanadate  has  been  shown  to  inhibit 
the  enzyme  at  very  low  concentrations.  There  is  considerable  interest 
and  speculation  in  the  possible  biological  role  of  this  "trace  element" 
as  potentially  inhibitory  concentrations  of  this  metal  have  been  reported 
in  skeletal  and  heart  muscles  as  well  as  in  kidney  (Cantley  et  al .  ,  1977; 
Beauge  and  Glynn,  1978;  Cant! ey  et  al . ,  1978).  It  seems  certain  that, 
much  attention  will  be  paid  to  the  inhibitory  action  of  vanadate  on 
(Na+  +  K+)-ATPase  in  the  future.  The  role  of  Ca++  in  inhibiting  the  en¬ 
zyme  activity  is  also  of  some  interest,  since  it  may  serve  as  a  possible 
physiological  modulator  of  the  'Sodium -Pump1  activity  (Baker,  1972;  Tobin 
et  al . ,  1  973) . 

It  has  been  shown  that  the  operation  of  the  Sodium-Pump  is  not 
limited  to  Na+-K+  exchange  but  other  modes  of  operation  also  exist.  As 
Glynn  and  Karlish  (1975)  pointed  out  these  alternative  modes  include, 

a)  Na+-K+  exchange  (the  normal  mode) 

b)  Reversed  Na+-K+  exchange 

c)  Na+-Na+  exchange 

d)  K+-K+  exchange 

e)  Uncoupled  Na+  efflux. 
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Many  of  these  processes  are  thought  to  be  associated  with  individual 
partial  reactions  of  the  (Na+  +  K+)-ATPase  (Glynn,  1971). 

E.  Phosphatase  Activity 

It  has  been  well  established  that  (Na+  +  K+)-ATPase  preparations  ex¬ 
hibit  a  K+-dependent  ouabain  inhibitable  phosphatase  activity  (EC  3.6.1  .7) 
which  may  represent  the  terminal  step  in  the  sequence  of  reactions  cata¬ 
lyzed  by  (Na+  +  K+)-ATPase  (Judah  et  al . ,  1962;  Albers  et  al . ,  1965; 

Albers  and  Koval,  1  966  ;  Glynn  et  al .,  1971;  Koyal  et  al . ,  1971;  Uesugi 
et  al . ,  1971;  Dahl  and  Hokin,  1  974).  The  purification  of  (Na+  +  K+)- 
ATPase  leads  to  a  parallel  increase  in  the  phosphatase  activity  (Ahmed 
and  Judah,  1964;  Nagai  et  al . ,  1  966  ;  Jorgensen  et  al.,  1971;  Uesugi  et 
al .,  1971).  Further  evidence  in  support  of  the  concept  that  the  phospha¬ 
tase  reaction  is  an  integral  part  of  the  (Na+  +  K+)-ATPase  comes  from  the 
observations  that  both  activities  display  similar  responses  to  various 
ligands  and  the  "sideness"  of  the  action  of  these  ligands  were  similar 
(Garrahan  et  al . ,  1  969;  Rega  et  al . ,  1  970;  Garrahan  and  Rega,  1  972). 

Compounds  with  phosphate  groups  with  a  higher  free  energy  of  hydrol¬ 
ysis  than  a  typical  phosphate  ester  such  as  p-nitrophenyl phosphate, 
acetyl  phosphate ,  carbamyl phosphate  and  umbel  1 iferonephosphate  will  serve 
as  artificial  substrates  for  the  K+-dependent  hydrolytic  activity  of  the 
(Na+  +  K+)-ATPase  (Fujita  et  al.,  1966;  Yoshida  et  al . ,  1966;  Dahl  and 
Hokin,  1974).  The  natural  substrate  for  this  reaction  is  thought  to  be 
provided  from  the  Na+-dependent  phosphorylation  of  the  (Na+  +  K+)-ATPase. 
Thus,  in  vivo  the  phosphoryl ated  intermediate  of  the  enzyme,  E2^P  which 
as  indicated  before  is  an  acyl  phosphate ,  may  serve  as  the  substrate  for 
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the  K+-dependent  partial  reaction  (Judah  and  Ahmed,  1962;  Sach  et  al ., 

1  967;  Yoshida  etal.>  1  969;  Dahl  and  Hokin,  1  974).  The  phosphatase 
reaction  has  been  investigated  by  many  workers  and  the  similarities  and 
differences  in  the  properties  of  the  K+-dependent  phosphatase  and  the 
(Na+  +  K+)-ATPase  have  been  reported  in  detail  (Emmelot  and  Bos,  1966; 
Fujita  et  al . ,  1  966;  Nagai  and  Yoshida,  1  966;  Israel  and  Titus,  1  967; 
Yoshida  etal.,  1969;  Askari  and  Koyal ,  1971;  Glynn  et  al.>  1971).  It 
therefore  seems  perfectly  reasonable  to  accept  that  this  'partial 
reaction'  is  indeed  the  site  of  ouabain  inhibition  of  the  stepwise 
reactions  of  (Na+  +  K+)-ATPase. 

F.  Receptor  for  Digitalis? 

For  the  pharmacologist  the  inhibition  of  (Na+  +  K+)-ATPase  by 
cardiotonic  steroids  is  perhaps  the  most  interesting  aspect  of  the  sys¬ 
tem.  Repke  (1963)  was  the  first  to  suggest  that  (Na+  +  K+)-ATPase  may 
be  the  pharmacologic  receptor  for  digitalis.  Since  that  time  numerous 
studies  have  provided  evidence  for  and  against  this  hypothesis  (Akera, 
1969;  Lee  and  Klaus,  1971;  Hokin  and  Dahl,  1972;  Schwartz  etal.9  1974; 
Schwartz  et  al . ,  1975;  Schwartz,  1976;  Akera,  1977).  However,  now  it  is 
generally  agreed  that  the  pharmacological  response  of  cardiac  glycoside 
on  the  heart  is  a  consequence  of  interaction  of  these  drugs  with  myocard¬ 
ial  (Na+  +  K+)-ATPase  (Wallick  et  al.9  1979).  Several  laboratories  were 
able  to  show  good  correlation  between  the  occupation  of  receptors  (i.e. 
(Na+  +  K+)-ATPase)  and  myocardial  inotropy  (Ku  et  al . ,  1974;  Gelbart  and 
Goldman,  1977;  Wallick  et  al . ,  1979;  Charnock  et  al.3  1980c).  It  is  known 
that  there  is  a  wide  variation  in  the  sensitivity  of  (Na+  +  K+)-ATPase 
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for  inhibition  by  ouabain  and  other  cardiac  glycosides,  among  different 
tissues  and  species.  In  vitro ,  the  inhibitory  potencies  of  cardiac  gly¬ 
cosides  appear  to  depend  on  the  temperature  and  on  the  concentration  of 
ligands  present  in  the  incubation  media  (Albers  et  al . ,  1  968;  Allen  and 
Schwartz,  1  969;  Sen  et  al . ,  1  969;  Allen  and  Schwartz,  1  970;  Allen  et  al ., 
1970;  Tobin  and  Sen,  1970).  Conditions  which  favour  the  formation  of  the 
phosphorylated  enzyme  complex  (E-j^P),  also  favour  the  inhibition  of  the 
system  by  ouabain  and  other  cardiac  glycosides.  Thus  Mg++,  Na+,  ATP  and 
other  nucleoside  triphosphatases  that  phosphoryl ate  the  enzyme  system 
favour,  whereas  K+  reduce,  the  binding  of  cardiac  glycosides  to 
(Na+  +  K+)-ATPase  (Tobin  et  al.t  1  972;  Akera  et  al .,  1  978).  The  role  of 
ligands  in  influencing  the  formation  of  enzyme-drug  complex  may  perhaps 
explain  the  considerable  variation  found  in  the  literature  in  the  inhibi¬ 
tory  potency  of  a  given  cardiotonic  steroid.  Although  the  conditions 
favouring  the  formation  of  phosphoryl ated  intermediate  would  lead  to  an 
increased  inhibition  of  the  (Na+  +  K+)-ATPase  by  cardiac  glycosides, 
phosphorylation  of  the  enzyme  is  not  a  prerequisite  for  ouabain  binding. 
Indeed,  it  has  been  shown  that  the  enzyme-ouabain  complex  can  exist  even 
in  the  absence  of  ligands  and/or  the  substrate,  ATP  (Mandel  et  al . , 

1977). 

The  existence  of  two  populations  of  ouabain  binding  sites  on  the 
(Na+  +  K+)-ATPase  has  been  suggested  (Inagaki  et  al .,  1  974;  Hansen,  1  976  ; 
Charnock  et  al .,  1  977  ;  Frickle  and  Klaus,  1  977;  Schoner  et  al .,  1  977; 
Van-Alstyre,  1978).  More  recently,  Rhee  and  Hokin  (1979)  have  reported 
that  they  observed  only  50%  inhibition  of  ouabain  binding  by  antibody 
raised  against  the  purified  (Na  +  K  )-ATPase  or  its  catalytic  subunit. 


. 


This  observation  may  substantiate  the  claim  that  the  ouabain  binding 
sites  can  exist  in  at  least  two  environments. 

G.  Puri fication 

In  the  intact  membrane,  the  (Na+  +  K+)-ATPase  enzyme  system  is  an 
intrinsic  membrane  protein  which  is  surrounded  by  lipids.  The  fact  that 
it  is  an  integral  component  of  the  cell  membrane  has  produced  considerabl 
difficulty  in  the  purification  of  this  enzyme  system.  All  purification 
procedures  involve  the  use  of  detergents  and/or  chaotropic  agents  such  as 
Nal.  Mainly  two  approaches  have  been  made  to  this  problem.  In  one  of 
these,  the  enzyme  is  isolated  in  a  membrane  bound  form.  The  other  method 
involves  the  removal  of  enzyme  protein  from  its  lipid  matrix  (i.e.  solub¬ 
ilization)  followed  by  the  purification  of  the  solubilized  enzyme. 

The  isolation  of  the  (Na+  +  K+)-ATPase  in  a  membrane  bound  form  is 
usually  achieved  by  mild  treatment  with  relatively  low  concentrations  of 
ionic  detergents,  such  as  deoxycholate  (DOC)  which  primarily  extract  the 
extrinsic  proteins  from  the  membrane  (Jorgensen  et  al . ,  1971;  Kyte, 
1971a).  By  this  procedure  the  (Na+  +  K+)-ATPase  enzyme  remains  membrane 
bound  while  less  tightly  bound  proteins  are  removed.  Higher  DOC  concen¬ 
trations  are  known  to  solubilize  the  enzyme.  The  enzyme  preparation  of 
Kyte  (1971a)  was  prepared  by  solubilizing  the  (Na+  +  K+)-ATPase  from  the 
membrane  by  DOC  at  a  high  salt  concentration.  Centrifugation  over  glycer 
ol  followed  by  agarose  gel  filtration  of  the  solubilized  enzyme  has  pro¬ 
duced  over  90%  pure  (Na+  +  K+)-ATPase  from  the  outer  medulla  of  the  dog 
kidney  (Kyte,  1971a;  Goldin  and  Tong,  1974). 

The  solubilization  of  (Na  +  K  )-ATPase  may  also  be  achieved  by  non- 
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ionic  polyoxyethyl ene  ethers  such  as  lubrol,  which  are  known  to  be  less 
prone  to  inactivate  the  enzyme  than  ionic  detergents  (Swanson  et  al*> 

1  964;  Banerjee  et  al . ,  1970).  In  these  latter  procedures  the  solubiliza¬ 
tion  process  now  depends  on  the  length  of  the  polyoxyethyl ene  chain  and 
also  on  the  weight  ratio  of  detergent  to  protein  (Swanson  et  al-*  1964). 
After  solubilization  of  the  protein  the  free  detergent  is  then  removed 
usually  by  prolonged  zonal  centrifugation.  Subsequently  the  fractiona¬ 
tion  of  the  solubilized  protein  is  achieved  by  precipitating  out  all  of 
the  proteins  with  1  M  ammonium  sulphate,  followed  by  a  decrease  in  the 
ionic  strength  in  the  medium  by  dilution  to  0.4  M  ammonium  sulphate. 

This  step  appears  to  resolubilize  "impurities"  from  the  precipitated 
proteins  leaving  the  (Na+  +  K+)-ATPase  in  a  membranous  form  (Uesugi  et 
al . ,  1971;  Hokin  et  al.t  1973).  This  latter  technique  has  resulted  in 
enzyme  protein  over  90-95%  pure  from  both  Squalus  aeccnthias  rectal  gland 
and  eel  electric  organ  (Perrone  et  al.,  1975).  These  preparations  have 
specific  activities  of  about  900-1500  ymol  Pi  released/mg  protein  per 
hour.  Recent  work  reported  from  Skou's  laboratory  indicates  that  the 
(Na+  +  K+)-ATPase  from  Squalus  aeanthias  can  also  be  solubilized  in  an 
active  form  using  the  non-ionic  detergent  octaethyleneglycoldodecyl  ether 
yielding  a  preparation  with  a  specific  activity  of  about  2300  ymol  Pi 
released/mg  protein  per  hour.  Gel  filtration  of  the  solubilized  enzyme 
in  Sepharose  4B-CL  has  revealed  two  peaks  both  with  enzyme  activity.  It 
is  of  great  interest  that  even  at  this  level  of  purification  both  peaks 
contained  phospholipid  in  addition  to  the  enzyme  protein  (Esmann  et  dl.t 
1979;  Skou  and  Esmann,  1979). 

The  criteria  that  have  been  employed  in  establishing  the  "purity" 
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of  (Na+  +  K+)-ATPase  include, 

a)  specific  activity  (highly  purified  preparations  have  specific 
activities  of  about  1000-2300  ymol  Pi  released/mg  protein/hr). 

b)  SDS-pol yacryl amide  gel  patterns. 

It  should  be  born  in  mind  that  both  of  these  criteria  have  some  draw¬ 
backs.  For  example  the  specific  activity  of  the  preparation  can  be  mis¬ 
leading  if  the  enzyme  has  been  activated  or  inactivated  by  detergents. 

In  other  words,  the  highest  enzyme  activity  may  be  observed  at  a  particu¬ 
lar  lipid  :  protein  ratio,  whereas  the  "naked11  but  highly  purified  enzyme 
protein  has  little  or  no  activity!  It  is  of  particular  interest  to  this 
study  to  note  that  all  so-called  "highly  purified"  enzyme  preparations 
reported  to  date  retained  at  least  some  of  their  endogenous  phospholipids 
irrespective  of  the  method  of  preparation  (Kyte,  1971a;  Hokin  et  at .  ■> 

1  973  ;  Perrone  et  at . ,  1  975;  Esmann  et  at . ,  1  979). 

It  is  also  known  that  different  SDS-polyacryl amide  gel  systems 
differ  in  their  resolving  power  and  the  sensitivity  of  staining  of  pro¬ 
tein.  In  addition,  the  permi ssabil ity  for  complete  penetration  of  all 
the  protein  into  the  gel  varies  with  each  gel  system  (Dahl  and  Hokin, 
1974). 

H .  Lipid  Requirement 

Biological  membranes  can  be  viewed  as  fluid  bilayers  of  lipid  with 
globular  proteins  embedded  within  them.  The  membranes  are  not  static 
structures  but  are  in  a  dynamic  state  (Singer  and  Nicolson,  1972).  It 
has  also  been  recognized  that  in  this  "sea  of  1 ipid"  there  appear  to  be 


areas  of  restricted  mobility  caused  by  certain  protein-protein,  lipid- 


. 
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protein  and/or  lipid-lipid  interactions  (Singer  and  Nicolson,  1972; 

Edidin,  1974;  Singer,  1974;  Nicolson,  1976;  DePierre  and  Ernster,  1977). 
The  phenomenon  of  lipid-protein  interaction  has  been  well  documented  for 
the  (Na  +  K  )-ATPase  enzyme  system  and  it  is  now  known  that  the 
(Na+  +  K+)-ATPase  reaction  required  the  presence  of  phospholipids  for 
optimal  activity. 

The  complete  delipidation  of  the  enzyme  by  detergents,  phospholip¬ 
ases  or  organic  solvents  results  in  an  irreversible  inactivation  of  the 
(Na+  +  K+)-ATPase  (Hegyvary  and  Post,  1969;  Roelofson  et  al .,  1971; 

Goldman  and  Albers,  1973).  In  contrast,  partial  delipidation  of  the  sys¬ 
tem  usually  by  detergent  extraction  yields  an  inactive  enzyme  which  can 
be  reactivated  by  adding  certain  phospholipids.  The  non-ionic  detergent 
lubrol-wx  and  the  anionic  detergent  deoxycholate  (DOC)  are  most  commonly 
employed  for  this  purpose.  Delipidation  by  phospholipases  is  mainly 
achieved  by  treating  the  enzyme  preparations  with  either  phospholipase  A 
(PPL-A)  or  phosphol i pase-C  (PPL-C).  However  because  of  the  possible  im¬ 
purities  of  these  phospholipases,  there  is  some  doubt  about  the  specific¬ 
ity  of  action  of  lipolysis  (Roelofsen  and  Van  Deenen,  1973).  The  delipid¬ 
ation  by  organic  solvents  is  rarely  used  (Roelofsen  et  al.,  1971).  The 
lipid  depletion/reactivation  of  the  (Na  +  K  )-ATPase  by  these  methods 
will  be  discussed  in  more  detail  below  (Subsections  (1)  -  (3)  inclusive). 

While  it  is  agreed  that  the  (Na+  +  K+)-ATPase  requires  phospholipid 
for  optimal  activity  there  has  been  some  disagreement  about  the  specific¬ 
ity  of  the  phospholipid  effective  in  reactivating  the  lipid  depleted  en¬ 
zyme  preparations.  Some  investigators  have  found  a  specific  requirement 
for  negatively  charged  phospholipids  such  as  phosphatidyl  serine  (PS) 


(Ohnishi  and  Kawamura,  1964;  Fenster  and  Copenhaver,  1967;  Wheeler  and 
Whittam,  1  970;  Kimelberg  and  Papahadjopoulos,  1  972)  and  phosphatidyl  gly¬ 
cerol  (PG)  (Kimelberg  and  Papahadjopoulos,  1972).  However,  there  are 
other  reports  which  indicate  that  a  variety  of  acidic  phospholipids 
(Taniguchi  and  Tonomura,  1971;  Tanaka  et  at . ,  1971;  Hokin  and  Hexum, 

1972),  acidic  or  neutral  phospholipids  (Tanaka  and  Strickland,  1965; 
Tanaka,  1969;  Palatini  et  at,,  1972)  or  even  cholesterol  may  serve  as  the 
essential  "lipid"  (Noguchi  and  Freed,  1971;  Jarnefelt,  1972).  As  Kimel¬ 
berg  and  Papahadjopoulos  have  pointed  out,  these  discrepancies  may  be  due 
to, 

a)  The  manner  in  which  the  lipid  is  removed. 

b)  The  purity  of  the  phospholipid  used  for  reactivation. 

c)  The  amount  of  lipid  removed. 

d)  The  presence  of  residual  activity  which  is  partly  a  function  of 
the  amount  of  lipid  removed. 

(1)  Delipidation  by  Detergents 

The  observation  by  Ohnishi  and  Kawamura  (1964)  that  the  (Na  +  K  )- 
ATPase  required  a  specific  phospholipid  (PS)  for  its  activity,  led  to  the 
beginning  of  a  new  chapter  in  the  concept  of  lipid-protein  interactions 
of  this  enzyme  system.  In  the  same  year  Tanaka  and  Abood  (1964)  reported 
that  the  phospholipid  depletion  by  ammonium  sulphate  [(NH^^SO^]  fraction¬ 
ation  of  the  DOC  treated  rat  brain  (Na+  +  K+)-ATPase,  paralleled  the  loss 
of  enzyme  activity.  The  activity  of  the  lipid  depleted  preparations 
could  be  restored  by  the  addition  of  various  phospholipids,  of  which 
dipalmitoyl -L-lecithin  was  the  most  effective.  Further  evidence  in 
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support  of  these  findings  was  reported  by  Tanaka  and  Strickland  (1965) 
who  found  animal  lecithin  to  be  most  effective  in  reactivating  the  del i p - 
idated  (Na+  +  K+)-ATPase.  However,  the  purity  of  the  commercial  lecithin 
employed  in  these  studies  has  been  questioned,  since  Fenster  and  Copen- 
haver  (1967)  using  essentially  the  Tanaka  and  Strickland  preparation  ob¬ 
served  no  activation  by  phosphatidylcholine  (PC).  Fenster  and  Copenhaver 
(1967)  have  provided  evidence  that  contaminating  PS  in  the  commercial 
lecithin  was  responsible  for  the  activation  of  the  (Na+  +  K+)-ATPase. 

The  activating  effect  of  PS  was  subsequently  confirmed  by  several  invest¬ 
igators  (Tanaka,  1969;  Tanaka  and  Sakamoto,  1969;  Towle  and  Copenhaver, 
1970).  Some  years  later  Wheeler  and  Whittam  (1970a,  1970b)  reported  re¬ 
activation  by  PS  of  the  solubilized  (Na+  +  K+)-ATPase  prepared  according 
to  the  method  of  Tanaka  and  Strickland  (1965).  In  addition,  Wheeler  and 
Whittam  also  reported  some  activation  of  the  enzyme  with  phosphatidyl - 
inositol  (PI)  as  well  as  with  phosphatidic  acid  (PA).  Although  they  have 
explained  these  results  on  the  basis  of  impurities  in  the  lipids  they 
used  for  reactivation,  paper  chromatography  of  PA  did  not  reveal  the  pre¬ 
sence  of  phosphatidyl  serine .  More  recently.  Palatini  et  al .  (1  972)  have 
used  the  non-ionic  detergent  lubrol  to  solubilize  the  enzyme  from  bovine 
heart,  after  a  preliminary  extraction  with  Nal.  Subsequent  fractionation 
of  the  solubilized  enzyme  with  (NH^SO^  was  followed  by  washing  in  salt 
solutions.  This  method  of  preparation  resulted  in  (Na+  +  K+)-ATPase,  de¬ 
pleted  of  phospholipids  and  cholesterol  with  a  substantial  loss  of  enzyme 
activity.  Reconstitution  of  this  particular  enzyme  preparation  was  most 
effective  with  either  PS  or  di phosphatidyl  glycerol  (DPG),  but  PC  was  also 
capable  of  restoring  the  enzyme  activity  to  some  extent.  On  the  other 
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hand,  phosphatidyl  ethanol  amine  (PE)  which  is  weakly  acidic  at  neutral 
pH,  caused  a  complete  activation  of  the  delipidated  enzyme  which  was 
comparable  to  that  induced  by  a  total  phospholipid  extract  from  bovine 
brain.  However,  both  PC  and  PE  exerted  their  activating  effects  only  at 
high  phospholipid  concentrations  in  comparison  to  the  highly  acidic  phos¬ 
pholipids,  PS  and  DPG  which  were  effective  at  relatively  low  concentra¬ 
tions.  In  contrast,  cholesterol  by  itself,  added  to  the  delipidated 
(Na+  +  K+)-ATPase  as  an  aqueous  suspension  had  no  effect.  Kimelberg  and 
Papahadjopoul os  (1972)  have  reported  similar  observations  (PS  and  PG  were 
most  effective),  when  they  used  Tanaka  and  Strickland's  enzyme  prepara¬ 
tion  in  which  lipid  depletion  was  achieved  by  the  deoxychol ate/tNH^SO^ 
fractionation  procedure. 

After  an  exhaustive  series  of  experiments  Wheeler  et  oil .  (1  975)  re- 
ported  that  reactivation  of  the  lubrol  extracted  (Na  +  K  )-ATPase  could 
be  achieved  by  adding  exogenous  phospholipids  bearing  a  net  negative 
charge.  In  these  experiments  PS  and  PG  were  most  effective  while  PI,  PE, 
PC  and  DPG  produced  either  very  little  or  no  effect.  These  workers  also 
found  a  significant  correlation  between  the  extent  of  reactivation  and 
the  amount  of  residual  enzyme  activity  which  remained  after  the  lipid  de¬ 
pletion  step.  These  observations  are  in  close  agreement  with  those  re¬ 
ported  by  Kimelberg  and  Papahadjopoul os  (1972)  for  DOC  extracted 
(Na+  +  K+)-ATPase  from  rabbit  kidney.  Palatini  et  al .  (1977)  have  intro¬ 
duced  the  concept  of  lipid  "specificity"  by  fatty  acid  acyl  chain  charact¬ 
eristics  rather  than  by  phospholipid  polar  head  groups,  by  suggesting 
that  for  the  reactivation  of  lubrol  solubilized  (Na+  +  K+)-ATPase,  a  lam¬ 
ellar  arrangement  of  phospholipids  having  fluid  acyl  chains  which  bear  a 
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sufficient  density  of  negative  charges  is  necessary.  This  conclusion  was 
based  on  the  observation  that  incorporation  of  enzyme  protein  into  phos¬ 
pholipid  liposomes  made  from  either  natural  or  synthetic  acidic  phospho¬ 
lipids  resulted  in  restoration  of  the  enzyme  activity.  By  contrast,  in¬ 
corporation  of  enzyme  protein  into  uncharged  liposomes  of  the  neutral 
lipid  phosphatidylcholine  failed  to  reactivate  the  lipid  depleted  enzyme, 
unless  negative  charges  were  introduced  into  the  liposome  bilayer.  PC 
liposomes  exhibited  an  activating  effect  after  acquiring  an  appropriate 
density  of  negative  charges  with  either  dicetyl  phosphate  or  oleate  which 
alone  did  not  reactivate.  These  claims  by  Palatini 's  group  are  in  agree¬ 
ment  with  the  very  recent  findings  of  De  Caldenty  and  Wheeler  (1979).  In 
confirming  the  observations  of  Palatini  et  al,  (1977)  De  Caldenty  and 
Wheeler  also  found  that  reactivation  of  the  lubrol  extracted  rabbit  kid¬ 
ney  (Na+  +  K+)-ATPase  could  be  achieved  with  phospholipid  dispersions 
carrying  a  net  negative  charge.  The  reactivation  required  a  lamellar 
configuration  of  the  lipid  molecules.  The  positively  charged  compound 
cetyl trimethylammonium  was  completely  ineffective;  another  observation 
which  is  in  accordance  with  Palatini ' s  claim  that  PC  liposomes  made  posi¬ 
tively  charged  by  introducing  ethyl hexadecyldimethylammonium  did  not  re¬ 
activate  the  delipidated  (Na+  +  K+)-ATPase.  Moreover,  De  Caldenty  and 
Wheeler  (1979)  also  concluded  that  in  addition  to  the  net  negative  charge 
present,  the  nature  of  the  acyl  chains  of  the  phospholipids  is  also  a  key 
factor  in  controlling  the  "correct"  interaction  between  the  protein 
moiety  of  (Na+  +  K+)-ATPase  and  the  lipid.  The  effect  of  acyl  chain  flu¬ 
idity  on  the  ATPase  activity  has  been  investigated  by  several  groups  and 
their  observations  will  be  discussed  below. 
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(2)  Extraction  with  Organic  Solvents 

Organic  solvent  extraction  of  the  (Na+  +  K+)-ATPase  usually  leads  to 
a  complete  inhibition  of  activity  which  cannot  be  reconstituted  by  added 
phospholipids.  However,  it  was  shown  that  if  the  extraction  was  per¬ 
formed  at  -75°C,  then  reactivation  of  enzyme  activity  was  possible,  but 
cholesterol  was  now  the  most  effective  "lipid",  whereas  phospholipids 
produced  only  marginal  activation  (Nogouchi  and  Freed,  1971;  Jarnefelt, 
1972).  No  follow-up  studies  have  been  performed  to  explain  this  unusual 
finding. 

(3)  Treatment  with  Phospholipases 

Diverse  effects  have  been  observed  when  enzyme  preparations  were 
depleted  of  endogenous  phospholipids  by  treatment  with  phospholipases. 
Taniguchi  and  Tonomura  (1971)  reported  the  treatment  of  ox-brain  micro- 
somes  with  Naja  naja  venom,  which  contains  PPL-A2  and  with  PPL-C  from 
Clostridium  welohii.  The  (Na  +  K  )-ATPase  activity  was  reduced  to  5-25% 
and  40%  of  the  control  value  by  the  treatment  with  venom  or  PPL-C  re¬ 
spectively.  The  residual  enzyme  activities  indicate  that  lipid  depletion 
by  either  phospholipase  was  only  a  partial  process.  When  added  to  the 
venom  treated  enzyme,  PI  caused  50%  reactivation,  but  either  PS  or  PE  had 
no  effect.  However,  mixtures  of  either  PI  +  PS  or  PI  +  PS  +  PE,  caused 
complete  reactivation  of  (Na+  +  K+)-ATPase  activity  to  the  control  level. 
Phosphatidyl  serine  but  not  PI,  reactivated  the  PPL-C  treated  preparations. 
In  the  following  year  Hokin  and  Hexum  (1972)  confirmed  these  findings  and 
extended  the  list  to  include  PA  and  didodecyl phosphate  as  the  phospho¬ 
lipids  effective  in  reactivating  the  PPL-A  treated  (Na+  +  K+)-ATPase.  In 
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addition,  Hokin  and  Hexum  reported  that  the  inactivation  of  (Na+  +  K+)- 
ATPase  upon  treatment  with  PPL-A  is  not  due  to  the  liberated  lysophosph- 
atides.  Goldman  and  Albers  (1973)  employed  PPL-A  and  PPL-C  to  alter  the 
phospholipids  associated  with  the  (Na+  +  K+)-ATPase  of  electric  eel 
electroplax.  Like  Taniguchi  and  Tonomura  (1971)  they  also  observed  that 
with  PPL-C  only  partial  inhibition  of  ATPase  activity  occurred,  yet  the 
treatment  resulted  in  the  removal  of  95%  of  the  total  PC  and  60-70%  of 
the  PE.  On  the  other  hand,  PS  was  not  affected  by  PPL-C  and  remained 
unchanged.  Conversely,  treatment  with  PPL-A  caused  a  complete  inhibition 
of  the  enzyme  activity.  The  loss  of  activity  paralleled  the  loss  of  PS 
and  PE,  but  did  not  correlate  well  with  the  removal  of  intact  PC  or  the 
appearance  of  lysophosphatides .  In  a  well  controlled  series  of  experi¬ 
ments  Roelofsen  and  Van  Deenen  (1973)  showed  that  the  (Na+  +  K+)-ATPase 
of  erythrocyte  ghosts  is  completely  inhibited  by  treatment  with  PPL -A^ 
and  PPL-C.  The  observation  with  PPL-C  is  interesting  since  as  stated 
above  earlier  investigators  achieved  only  40-50%  decrease  in  the 
(Na+  +  K+)-ATPase  activity  (Taniguchi  and  Tonomura,  1971;  Goldman  and 
Albers,  1973).  Roelofsen  and  Van  Deenen  have  also  demonstrated  that  the 
conversion  of  anionic  PS  into  neutral  PE  by  the  enzyme  phosphatidyl  serine 
decarboxylase  inhibited  (Na+  +  K+) -ATPase  activity,  but  that  this  effect 
was  apparent  only  after  87%  of  the  total  PS  had  been  decarboxyl ated . 
Decarboxylation  of  the  last  13%  of  the  PS  molecules  (after  unmasking  the 
"latent  sites")  caused  a  complete  inhibition  of  the  ATPase  activity. 
Treatment  with  phosphol ipase-D,  which  converts  phospholipids  into  phos- 
phatidic  acid,  caused  about  30-40%  increase  in  the  (Na+  +  K+)-ATPase 
activity.  It  is  of  interest  to  note  that  this  latter  treatment  caused  a 
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drastic  reduction  in  the  associated  (Mg++) -ATPase  activity  of  the  enzyme 
preparation.  In  contrast  to  the  findings  of  Roelofsen  and  Van  Deenen 
(1973),  De  Pont  et  al.  (1973)  reported  an  absence  of  inhibition  of 
(Na+  +  K+) -ATPase  activity  when  the  PS  of  the  brain  microsomal  enzyme 
preparations  was  treated  with  phosphatidyl  serine  decarboxyl ase . 

The  products  of  lipolysis  of  phospholipids  by  PPL-C  are  mainly  di- 
glycerides.  In  contrast,  treatment  with  PPL-A  leads  to  the  production 
of  free  fatty  acids  and  lysophosphatides .  In  addition  to  the  detergent 
like  effect  of  lysophosphatides,  the  fatty  acids  themselves  are  inhibit¬ 
ory  to  enzyme  activity  and  it  has  been  shown  that  under  these  conditions 
the  addition  of  serum  albumin  to  the  incubation  mixture  leads  to  an  in¬ 
crease  in  the  (Na+  +  K+) -ATPase  activity  (Taniguchi  and  Tonomura,  1971). 
Presumably  this  occurs  by  the  binding  of  free  fatty  acids  to  the  albumin. 
However,  lysophosphatides  appear  to  cause  little  or  no  inhibitory  effect 
at  the  concentrations  generated  by  PPL-A  action  on  the  membrane  matrix 
(Goldman  and  Albers,  1973).  While  Roelofsen  and  Van  Deenen 's  experi¬ 
ments  are  free  of  the  technical  objections  that  may  be  raised  when  im¬ 
pure  PPL-A  is  used,  the  results  of  Goldman  and  Albers  (1973)  with  PPL-A 
have  been  critisized  by  De  Pont  et  dl .  (1  973)  on  the  grounds  that  the 
effects  observed  could  well  be  due  to  the  production  of  inhibitory  fatty 
acids . 

More  recently,  by  treating  a  highly  purified  (Na+  +  K+) -ATPase  with 
PS-decarboxylase  and  phosphatidyl  inositol  specific  PPL-C,  De  Pont  et  al . 
(1978)  have  concluded  that  neither  PS  nor  PI  is  essential  for  the  ATPase 
activity.  Only  the  combination  of  the  phospholipid  converting  enzymes 
resulted  in  a  loss  of  44%  of  the  (Na+  +  K+) -ATPase  activity.  The  authors 
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have  also  reported  that  the  enzyme  does  not  require  more  than  90  phospho- 
lipid  molecules  per  mole  ( Na  +  K  )-ATPase  for  proper  functioning.  In 
another  recent  communication  which  co-appeared  with  that  of  De  Pont 
et  al.  (1978),  Mandersloot,  Roelofsen  and  De  Gier  (1978)  have  presented 
evidence  that  PI  is  the  endogenous  activator  of  the  (Na+  +  K+)-ATPase. 

The  reactivation  of  the  PPL-A2  treated  microsomes  was  achieved  by  adding 
lipid  vesicles  of  negatively  charged  glycerophosphol ipids  such  as  PS,  PG 
and  PI.  The  neutral  phospholipids  phosphatidylcholine  and  PE  had  no 
effect  unless  cholate  was  present.  Cholate  by  itself  did  not  restore 
the  enzyme  activity.  This  observation  is  in  agreement  with  the  data  of 
Hilden  and  Hokin  (1976)  that  in  a  reconstituted  liposome  system  PC  can 
replace  the  endogenous  lipids  of  a  highly  purified  (Na+  +  K+)-ATPase 
maintaining  the  coupled  transport  of  Na+  and  K+.  Based  on  the  claim  by 
Walker  and  Wheeler  (1975)  that  the  negative  charge  on  the  lipid  struct¬ 
ure  is  essential  for  the  enzyme  activity  of  the  lipid-protein  complex, 
or  the  charge  is  only  required  to  bring  about  the  proper  interaction  be¬ 
tween  the  exogenous  lipid  and  enzyme  protein,  Mandersloot  et  at.  (1978) 
speculated  that  the  presence  of  cholate  induces  the  necessary  negative 
charge  on  the  lipid  structure  thus  making  PC  liposomes  effective  in  re¬ 
storing  the  (Na+  +  K+)-ATPase  activity.  These  results,  which  indicate 
that  PI  is  the  "essential  lipid"  of  the  (Na+  +  K+)-ATPase,  are  in  direct 
conflict  with  the  observations  by  De  Pont  et  al .  (1978),  in  spite  of  the 
fact  that  both  groups  obtained  their  enzyme  preparations  from  the  same 
source,  the  rabbit  kidney.  However,  at  least  one  important  difference 
is  apparent.  Mandersloot  et  al .  have  used  a  rabbit  kidney  microsomal 
fraction  enriched  with  (Na+  +  K+)-ATPase  which  was  prepared  according  to 
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the  method  of  Tashima  and  Hasegawa  (1975).  Only  70%  of  the  total  enzyme 
activity  was  sensitive  to  inhibition  by  ouabain  and  their  preparations 
had  a  (Na+  +  K+)-ATPase  activity  of  about  20  ymol  Pi  released/mg  protein 
per  hour.  In  contrast,  the  highly  purified  (Na+  +  K+)-ATPase  employed 
by  De  Pont's  group  was  prepared  according  to  the  method  of  Jorgensen 
(1974a)  and  had  a  final  specific  activity  of  1300  ymol  Pi  released/mg 
protein  per  hour.  This  latter  enzyme  preparation  was  free  of  ouabain 
insensitive  (Mg++) -ATPase  activity,  and  was  shown  to  be  at  least  95% 
pure  on  a  protein  basis  as  determined  by  SDS-gel  electrophoresis.  This 
difference  in  the  purity  of  the  enzyme  preparations  probably  accounts 
for  the  reported  discrepancy  over  the  role  of  PI  in  the  function  of 
(Na+  +  K+) -ATPase. 

From  the  results  discussed  so  far,  it  is  not  possible  to  conclude 

which  if  any  "specific  phospholipd"  is  essential  for  the  proper  function 
*1“  *1* 

of  the  (Na  +  K  ) -ATPase.  As  Roelofsen  and  Van  Deenen  (1973)  have  point¬ 
ed  out,  much  of  the  discrepancies  in  the  literature  may  be  due  to  the 
presence  of  one  or  more  of  the  following  factors, 

a)  The  phospholipases  used  for  lipid  depletion  may  have  been  impure. 

b)  Similar  uncertainty  about  the  purity  of  the  phospholipids  used 
for  reactivation. 

c)  The  presence  of  residual  lipid  in  the  delipidated  preparations. 

d)  Some,  so-called  "del ipidized"  preparations  retained  some  activity. 

e)  Both  inactivation  and  reactivation  are  often  incomplete. 

f)  Full  reactivation  is  only  achieved  with  preparations  still  show¬ 
ing  considerable  residual  activity. 
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I .  Effect  of  Lipid  Fluidity 

From  the  aforementioned  information  it  is  clear  that  the  molecular 
structure  of  phospholipid  is  a  key  factor  involved  in  reactivating  the 
lipid  depleted  (Na+  +  K+)-ATPase.  However,  the  physical  properties  of 
phospholipids  may  also  be  of  importance  for  the  reactivation  process. 
Since  the  physical  state  of  lipids  is  a  function  of  temperature,  the 
activating  effects  of  lipids  can  be  expected  to  vary  with  the  tempera¬ 
ture.  Thus,  one  would  expect  to  detect  changes  in  the  activity-tempera- 
ture  relationship  of  (Na  +  K  )-ATPase  depending  on  the  nature  of  the 
lipid  activating  the  enzyme. 

The  non-linearity  of  the  activity-temperature  relationship  has  been 
reported  by  several  workers  (Gruener  and  Avi-Dor,  1966;  Swanson,  1966; 
Neufeld,  1970).  Charnock  et  oil.  (1971)  have  reported  that  the  Arrhenius 
plots  of  enzyme  activity  at  various  temperatures  (i.e.  log  Vm  vs  1/T)  of 
DOC  treated  (Na+  +  K+)-ATPase  prepared  from  rabbit  kidney,  display  a 
distinct  break  at  about  20°C.  The  authors  have  also  noted  that  the 
value  for  the  activation  energy  above  the  inflection  point  (T^0),  is 
significantly  less  than  the  corresponding  value  below  the  T^.  Such 
abrupt  changes  in  the  activation  energies  of  the  enzyme  reaction  could 
be  a  result  of  a  change  in  the  state  of  some  component  essential  to  the 
reaction,  and  are  thought  to  be  related  to  the  changes  in  the  physical 
state  of  the  lipid  molecules  associated  with  the  enzyme  in  the  membrane 
(Linden  and  Fox,  1973).  In  both  biomembranes  and  in  synthetic  phospho¬ 
lipid  systems  these  temperature  dependent  transitions  mainly  involve  the 
fatty  acyl  chains  of  the  phospholipids  which  exist  in  an  ordered  quasi - 
crystalline  state  below  some  critical  temperature  and  a  disordered 
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1 i qu i d -crystal  1 i ne  state  above  the  Tc<  Kimelberg  and  Papahadjopoulos 
(1972)  studied  the  influence  of  both  polar  head  group  and  fatty  acyl 
chain  fluidity  on  reactivation  of  the  delipidated  rabbit  kidney 
(Na+  +  K+)-ATPase.  In  addition  to  finding  that  both  PS  and  PG  were 
equally  effective  in  reconstituting  the  ATPase  activity  of  their  system, 
they  also  observed  that  maximal  reactivation  was  obtained  when  the  fatty 
acyl  chains  were  fluid.  The  activating  effect  of  di palmitoyl -phosphati- 
dylglycerol  (DPPG),  was  inhibited  below  its  transition  temperature  or  in 
the  presence  of  cholesterol.  Arrhenius  plots  of  the  DPPG  reconstituted 
enzyme  were  found  to  be  non-linear.  By  employing  the  electron  paramag¬ 
netic  resonance  (EPR)  technique,  Grisham  and  Barnett  (1973)  have  shown 
that  in  purified  (Na+  +  K+)-ATPase  preparations  such  discontinuities  in 
the  temperature-activity  relationship  reflect  the  solid-fluid  transitions 
of  the  fatty  acyl  chains  of  the  phospholipids  required  for  enzyme  func¬ 
tion.  The  observed  inhibitory  effect  of  cholesterol  on  reconstituted 
(Na+  +  K+) -ATPase  (Kimelberg  and  Papahadjopoulos,  1972;  Kimelberg  and 
Papahadjopoulos,  1974;  Kimelberg,  1975)  may  be  due  to  the  effect  of 
cholesterol  immobilizing  the  fatty  acyl  chains  of  phospholipids  (Kimel¬ 
berg,  1976).  From  these  reports,  it  is  tempting  to  suggest  that  the 
immediate  lipid  environment  of  the  (Na  +  K  ) -ATPase  contains  little  or 
no  cholesterol.  Indeed,  the  existence  of  such  a  cholesterol  poor  micro¬ 
environment  around  a  transmembrane  enzyme  protein  has  been  reported  for 
the  Ca++  transporting  ATPase  of  the  sarcoplasmic  reticulum  (Warren 
et  al . ,  1  975).  These  workers  have  shown  that  in  the  presence  of  phospho¬ 
lipid,  cholesterol  is  excluded  from  the  immediate  lipid  environment  of 
the  (Ca++)-ATPase  macromol ecular  protein  structure.  Moreover,  the 
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"fluidity"  of  the  amphiphilic  environment  appears  to  regulate  the  (Ca++)- 
ATPase  activity  (Lee  et  al . ,  1974;  Warren  et  al . ,  1974). 

Taniguchi  and  I i da  (1972)  have  reported  that  the  treatment  of 
(Na+  +  K+)-ATPase  preparations  with  PPL-A  resulted  in  a  temperature- 
activity  relationship  which  yielded  a  single  straight  line  Arrhenius 
plot,  in  contrast  to  the  untreated  enzyme  preparations  which  yielded  a 
non-linear  Arrhenius  plot.  The  reconstitution  of  the  PPL-A  treated  en¬ 
zyme  with  both  PS  and  PI  restored  the  discontinuity.  Charnock  et  al . 
(1973)  have  validated  these  findings  and  also  reported  that  neither  mild 
detergent  treatment  nor  PPL-C,  altered  the  activation  energies  or  the 
critical  temperature  at  which  the  discontinuity  in  the  Arrhenius  plot 
occurred.  According  to  Tanaka  and  Teruya  (1973)  the  activity  temperature 
curve  of  the  (Na+  +  K+)-ATPase  is  determined  not  by  the  "source"  of  the 
enzyme,  but  appears  to  depend  on  the  lipid  moiety  activating  the  enzyme. 
By  employing  a  fluorescent  probe  technique  Charnock  and  Bashford  (1975) 
have  provided  supporting  evidence  to  the  concept  of  modulation  of  enzyme 
activity  by  the  fluidity  of  the  lipid  associated  with  the  protein  macro¬ 
molecule,  and  claimed  that  the  thermal  dependent  enzyme  activity  of 
their  (Na+  +  K+)-ATPase  preparation  was  regulated  by  the  physical  state 
of  the  lipid  adjacent  to  the  enzyme  protein. 

When  studied  by  differential  scanning  calorimetry,  Kimelberg  and 
Papahadjopoul os  (1  974)  demonstrated  that  the  DOCANH^SO^  fractionated 
enzyme  reconstituted  with  dimyristoyl  (DM)-,  dipalmitoyl  (DP)-,  distear- 
oyl  ( DS ) -  and  dioleoyl  (DO) -phosphatidylclycerol ,  displayed  activity- 
temperature  curves  which  reflected  the  phase  behaviour  of  these  substi¬ 
tuted  PG's.  For  the  saturated  PG's  (DMPG,  DPPG,  DSPG)  the  discontinuity 
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in  the  Arrhenius  plots  occurred  1-8°C  lower  than  the  initial  rise  of 
the  endothermic  transition  in  the  pure  lipid.  On  the  other  hand,  the 
Arrhenius  plot  of  ATPase  reconstituted  with  unsaturated  DOPG  was  found 
to  be  linear  and  correlated  with  the  fact  that  this  lipid  does  not 
undergo  a  phase  transition  within  the  temperature  range  studied.  In 
contrast,  bovine  PS  which  has  a  heterogeneous  fatty  acyl  chain  composi¬ 
tion,  showed  a  broad  transition  at  13°C  and  the  reconstituted  enzyme 
displayed  a  discontinuity  in  the  slope  of  the  Arrhenius  plot  at  approx¬ 
imately  15°C.  The  absence  of  a  sharp  discontinuity  on  the  Arrhenius 
plot  of  lubrol  solubilized  (Na+  +  K+)-ATPase  after  reconstitution  with 
DOPG  has  also  been  reported  more  recently  by  Palatini  et  al.  (1977).  In 
contrast  to  the  unsaturated  DOPG,  the  preparations  reconstituted  with 
DMPG  displayed  a  "break"  at  about  20°C.  These  results  are  in  agreement 
with  the  values  reported  by  Kimelberg  and  Papahadjopoul os  (1974)  for 
their  DOC  extracted  enzyme.  These  observations  as  well  as  those  of 
Grisham  and  Barnett  (1973)  and  Almeida  and  Charnock  (1977)  imply  that 
the  enzyme  protein  has  an  ordering  or  restricting  effect  on  the  adjacent 
membrane  lipids  without  necessarily  affecting  the  temperature  of  the 
phase  transition  in  the  bulk  membrane  lipids.  In  a  very  recent  study 
Charnock  et  al.  (1980a)  have  estimated  that  less  than  2%  of  the  lipids 
may  be  involved  in  certain  phase-transitions  associated  with  thermally 
dependent  enzyme  behavior. 

J .  Lipid  Analysis 

A  number  of  workers  have  reported  that  the  purification  of 
(Na+  +  K+) -ATPase  from  a  microsomal  fraction  results  in  an  increase  in 
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the  phospholipid  :  protein  ratio  when  expressed  on  a  yg  lipid  phosphorus 
per  mg  protein  basis  (Jorgensen,  1974a;  Wheeler  et  al.>  1975;  De  Pont 
et  al . ,  1978).  However  the  reported  values  for  this  ratio  vary  consid¬ 
erably;  18  from  the  (Na+  +  K+)-ATPase  from  beef  brain  (Uesugi  et  al., 
1971),  24  (Jorgensen,  1974a)  and  33  for  preparations  from  the  outer  med¬ 
ulla  of  rabbit  kidney  (De  Pont  et  at . ,  1978),  209  for  the  enzyme  from 
Eleetrophorus  electroplax  and  389  when  the  rectal  gland  of  Squalus  aean- 
thias  was  the  source  (Perrone  et  al . ,  1  975).  Interestingly ,  this  in¬ 
crease  in  lipid  :  protein  ratios  is  also  associated  with  an  increase  in 
the  specific  activity  of  these  preparations.  Since  the  purification  re¬ 
sults  in  a  concentration  of  the  enzyme  protein  any  phospholipid  associ¬ 
ated  with  the  purified  protein  moiety  should  be  necessary  for  the  proper 
function  of  the  (Na+  +  K+)-ATPase.  Based  on  this  assumption,  several 
groups  have  carried  out  detailed  lipid  analysis  of  the  purified 
(Na+  +  K+)-ATPase  without  much  success.  Hokin  and  Hexum  (1972)  reported 
that  their  purification  procedure  leads  to  an  increase  in  the  PS  content 
of  the  enzyme.  This  claim  was  supported  by  Kawai  et  al.  (1973),  who 
also  found  an  enrichment  of  PS  during  purification,  but  the  percent  rel¬ 
ative  increase  was  less  than  that  reported  by  Hokin  and  Hexum  (1972), 
despite  the  much  higher  specific  activity  which  was  achieved.  More  re¬ 
cently,  De  Pont  et  al.  (1978)  found  an  increase  in  PS  content  from  7.9% 
in  the  microsomal  fraction  to  13.1%  in  the  purified  (Na+  +  K+)-ATPase 
prepared  according  to  the  method  of  Jorgensen  (1974a).  In  contrast, 
Wheeler  et  al.  (1975)  failed  to  observe  an  increase  in  the  content  of  a 
specific  phospholipid  during  purification  despite  the  fact  that  the 
purification  led  to  a  50-fold  increase  in  the  specific  activity.  In 
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addition,  their  detailed  lipid  analysis  indicated  no  selective  removal 
of  any  particular  type  of  lipid  during  solubilization  and  inactivation 
with  either  DOC  or  lubrol.  According  to  Roelofsen  and  Van  Deenen  (1973) 
only  13%  of  the  total  PS  molecules  are  involved  in  the  (Na+  +  K+)-ATPase 
activity.  If  only  such  a  small  fraction  of  a  specific  phospholipid  is 
involved  in  maintaining  the  enzyme  activity,  the  changes  that  might  oc¬ 
cur  upon  purification  would  be  relatively  small,  thus  making  the  detect¬ 
ion  of  these  alterations  extremely  difficult. 

K.  Involvement  of  Lipid  in  Ouabain  Binding 

From  the  information  discussed  above  it  is  clear  that  phospholipids 
are  essential  for  (Na+  +  K+)-ATPase  activity.  It  is  less  clear  whether 
lipids  are  either  necessary  for,  or  are  capable  of  modulating  the  inter¬ 
action  of  specific  inhibitors  (such  as  ouabain)  with  the  enzyme  system. 
The  reports  in  the  literature  provide  contradictory  findings.  For  ex¬ 
ample,  Tanaka  and  Strickland  (1965)  reported  that  in  the  absence  of  lec¬ 
ithin,  even  1  mM  ouabain  was  without  effect  in  suppressing  the  residual 
(Na+  +  K+)-ATPase  activity  present  in  the  lipid  depleted  enzyme.  Yet 
Taniguchi  and  Ii da  (1971)  by  using  ox-brain  microsomes  treated  with 
either  PPL-A  or  PPL-C  have  concluded  that  binding  of  ouabain  to  (Na+  + 
K+)-ATPase  does  not  require  phospholipid  directly.  The  validity  of  this 
latter  claim  seems  questionable  since  after  either  phospholipase  treat¬ 
ment  their  preparations  retained  significant  amounts  of  phospholipids. 
Harris  et  al.  (1973)  found  no  significant  change  in  the  amount  of  [  H]- 
ouabain  bound  to  (Na+  +  K+)-ATPase  preparations  from  ox  brain,  after 
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PPL-C  treatment,  although  some  75%  of  the  ouabain  sensitive  ATPase 
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activity  was  abolished  after  the  lipolysis.  From  their  observations 
Harris,  Swanson  and  Stahl  (1973)  concluded  that  the  phospholipids  re¬ 
moved  by  the  PPL-C  treatment  did  not  play  a  major  role  in  the  binding  of 
ouabain  to  their  brain  microsome  preparations.  In  agreement  with  Tani- 
guchi  and  I i da  (1971)  and  Harris  et  al.  (1973),  Goldman  and  Albers 
(1973)  also  observed  no  alteration  in  the  binding  of  ouabain  after 
treatment  of  an  enzyme  preparation  from  the  electric  organ  of  electric 
eel  with  PPL-C.  However,  in  contrast  to  Harris  et  al.  (1973),  Goldman 
and  Albers  (1973)  observed  no  significant  change  in  the  ouabain-sensi¬ 
tive  ATPase  activity  of  their  enzyme  preparation  after  treatment  with 
PPL-C.  In  addition,  Goldman  and  Albers  (1973)  also  found  that  PPL-A 
digestion  of  (Na+  +  K+)-ATPase  eliminated  both  ATPase  activity  and  ATP 
dependent  ouabain  binding.  In  the  same  year  Taniguchi  and  I i da  (1973) 
reported  that  (Na+  +  K+) -ATPase  can  exist  in  at  least  two  different 
ouabain  binding  conformations.  Phospholipid  appeared  to  play  a  role  in 
one  conformational  state  which  was  induced  by  either  (Mg++  +  K+  +  ATP), 
(Mg  +  P. )  or  Mg++  alone.  The  other  conformer  of  the  enzyme  seems  to  be 
directly  related  to  the  phosphorylation  of  the  enzyme  as  it  was  found  in 
the  presence  of  (Mg++  +  ATP)  or  (Mg++  +  Na+  +  ATP),  and  here  these  in¬ 
vestigators  reported  that  phospholipids  did  not  affect  the  binding  of 
ouabain.  The  binding  of  ouabain  to  (Na+  +  K+)-ATPase  that  had  been 
partially  delipidated  with  DOC  has  been  observed  by  Chipperfield  and 
Whittam  (1973).  However,  in  direct  conflict  with  the  findings  of  Tani¬ 
guchi  and  I i da  (1973),  Chipperfield  and  Whittam  observed  a  three-fold 
increase  in  the  amount  of  ouabain  bound  in  the  presence  of  (Mg++  +  Na+ 

+  ATP)  after  the  addition  of  exogenous  phospholipids  to  their  delipid- 
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ated  (Na+  +  K+)-ATPase  preparation.  In  other  words,  this  increase  in 
ouabain  binding  to  the  reactivated  preparation  correlates  with  the  stim¬ 
ulation  of  Na+-dependent  ATPase  activity.  The  findings  of  Chipperfield 
and  Whittam  (1973)  suggest  that  membrane  phospholipids  may  play  a  major 
role  in  the  binding  of  ouabain  to  the  (Na+  +  K+)-ATPase.  It  should  be 
noted  that  the  preparations  used  by  Taniguchi  and  I i da  (1973)  retained 
high  residual  ouabain  sensitive  ATPase  activity  (about  30%  of  the  ini¬ 
tial  control  value),  after  treatment  with  PPL-A.  The  lipid  depleted 
preparations  used  by  Chipperfield  and  Whittam  (1973)  were  low  in  resi¬ 
dual  ouabain  sensitive  ATPase  activity  (only  about  3%  of  phospholipid 
dependent  enzyme  activity),  and  the  specific  activity  of  their  enzyme 
preparation  from  rabbit  kidney,  was  an  order  of  magnitude  lower  than 
that  used  by  Taniguchi  and  I i da  (1973). 

More  recently,  Charnock,  Almeida  and  To  (1975)  investigating  the 
temperature-activity  relationship  of  the  (Na+  +  K+)-ATPase  have  observed 
that  the  ouabain  dependent  but  not  the  cation  dependent  response  of  the 
enzyme  to  temperature  had  altered  markedly  after  mild  lipolysis  with 
PPL-A.  On  these  grounds,  Charnock  et  al.  have  suggested  that  only  some 
portion  of  the  membrane  lipids  may  play  a  role  in  the  binding  of  cardiac 
glycosides  to  the  (Na+  +  K+)-ATPase.  The  fluidity  of  the  lipid  matrix 
has  been  reported  not  to  influence  the  rate  of  ouabain  binding  (Wall i c k 
and  Schwartz,  1974).  However,  the  accuracy  of  the  interpretation  of  the 
data  of  Wallick  and  Schwartz  has  been  questioned  by  Charnock  et  al. 
(1977).  In  contrast  to  the  findings  of  Wallick  and  Schwartz  (1974), 
Charnock  et  al.  found  a  non-linear  effect  of  temperature  upon  the  rate 
of  [3H]-ouabain  binding.  Treatment  with  detergents  resulted  in  the 
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abolition  of  the  discontinuity  in  the  Arrhenius  plots  of  ouabain  bind¬ 
ing,  but  did  not  change  the  non-linear  Arrhenius  plots  for  cation  activ¬ 
ation  of  the  enzyme.  These  workers  have  therefore  suggested  that  the 
lipids  which  influence  the  binding  of  ouabain  may  not  be  as  closely 
associated  with  the  "active  centre"  of  the  ATPase  protein,  as  those 
lipid  moieties  which  are  involved  in  the  cation  dependent  response. 

That  is,  Charnock  and  his  colleagues  are  suggesting  an  asymmetric  dis¬ 
tribution  of  lipids  around  the  (Na+  +  K+)-ATPase  macromolecule.  In 
agreement  with  both  Taniguchi  and  I i da  (1973)  and  Hansen  (1976),  Char¬ 
nock,  Simonson  and  Almeida  (1977)  also  observed  two  different  types  of 
ouabain  binding  sites  and  speculated  that  only  one  site  is  in  close  con¬ 
tact  with  the  phospholipids  of  the  (Na+  +  K+) -ATPase  "active  centre". 

Information  discussed  so  far  indicates  the  contradictory  nature  of 
the  results  reported  by  various  workers,  on  the  possible  involvement  of 
lipid  in  ouabain  binding.  Quite  recently  several  investigators  have 
tried  to  resolve  this  problem  by  studying  the  kinetics  of  ouabain  bind¬ 
ing  to  enzyme  preparations  depleted  of  endogenous  phospholipids.  How¬ 
ever,  the  information  available  appears  to  be  no  clearer  than  that  re¬ 
ported  several  years  earlier.  By  using  a  highly  purified  enzyme  prepar¬ 
ation  Lane  et  al.  (1978)  reported  that  the  total  number  of  ouabain  bind¬ 
ing  sites  on  the  enzyme  was  not  altered  by  PPL-A  treatment.  Moreover, 
the  rate  of  [  H] -ouabain  binding  in  the  presence  of  (Mg  +  ATP)  was  un¬ 
changed  after  lipolysis.  With  (Mg++  +  ATP  +  Na+)  the  rate  of  ouabain 
binding  to  the  lipid  depleted  enzyme  was  slightly  reduced  after  treat¬ 
ment  with  PPL-A  whereas  in  the  presence  of  either  (Mg++  +  P.)  or  (Mg++  + 
ATP  +  Na+  +  K+)  the  initial  rates  of  ouabain  binding  were  reduced  to 
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approximately  50%  of  that  of  the  untreated  enzyme.  These  observations 
by  Lane  et  al.  (1978)  appear  to  substantiate  the  earlier  report  by  Tani- 
guchi  and  I i da  (1973)  who  also  observed  about  40%  decrease  in  the  ini¬ 
tial  rate  of  ouabain  binding  to  PPL-A  treated  brain  microsomes,  in  the 
presence  of  either  (Mg++  +  P.)  or  (Mg++  +  ATP  +  Na+  +  K+).  Recently, 
Goodman  and  Wheeler  (1978)  using  a  lubrol  solubilized  and  reconstituted 
(Na+  +  K+)-ATPase  prepared  from  rabbit  kidney  have  reported  that  in  the 
presence  of  (Mg++  +  ATP  +  Na+)  the  amount  of  ouabain  bound  was  the  same 
in  both  lipid  depleted  and  reconstituted  enzymes.  This  claim  by  Goodman 
and  Wheeler  is  in  close  agreement  with  the  observations  of  both  Tanigu- 
chi  and  I i da  (1973)  and  Lane  et  al .  (1978)  when  using  PPL-A  treated 
preparations.  However,  in  contrast  to  these  two  groups  of  investigators 
[i.e.  Taniguchi  and  Iida  (1973)  and  Lane  et  al.  (1978)],  who  found  no 
difference  in  the  amount  of  ouabain  bound  to  either  control  or  PPL-A 
treated  preparations ,  Goodman  and  Wheeler  (1  978)  observed  that  in  the 
presence  of  (Mg++  +  ATP)  no  ouabain  binding  to  the  delipidated  prepara¬ 
tion  had  occurred.  Similarly,  (Mg++  +  P^)  promoted  binding  only  to  the 
reconstituted  enzyme.  From  these  observations  Goodman  and  Wheeler 
(1978)  concluded  that  ouabain  binding  induced  by  (Mg++  +  ATP)  and  (Mg++ 

+  P.j )  was  completely  dependent  on  the  phospholipid  essential  for  enzyme 
activity.  The  finding  of  Goodman  and  Wheeler  that  phospholipid  was  an 
absolute  requirement  for  ouabain  binding  differs  from  that  of  Taniguchi 
and  Iida  (1973)  in  that  these  latter  workers  observed  only  a  slight  in¬ 
crease  in  the  amount  of  ouabain  bound  at  equilibrium,  when  their  PPL-A 
treated  brain  microsome  preparation  was  reactivated  with  exogenous  phos¬ 
pholipids.  However,  it  should  be  recalled  that  the  preparations  of 


'  0*  ‘.iuoi  t:  |  X t "  I)  .  Sj  is  £  »6‘  &  <  {W  '  ,v'  ■  •-'  '  ’  ■ 


37 


Taniguchi  and  I i da  had  retained  significant  amounts  of  residual  phospho¬ 
lipids  and  ATPase  activity  after  del ipidation . 

A  possible  explanation  for  at  least  some  of  the  apparent  discrepancy 
in  the  literature  over  the  role  of  lipid  in  ouabain  binding  has  been  of¬ 
fered  by  Whittam  and  his  colleagues.  It  has  been  shown  recently  by 
Hall  am  and  Whittam  (1975)  and  Whittam  et  al .  (1976)  that  the  Mg++  and 
(Mg++  +  P.|)  dependent  ouabain  binding  varies  considerably  with  the  meth- 
ods  used  to  prepare  the  (Na  +  K  ) -ATPase  enzyme.  They  attributed  these 
variations  to  the  presence  or  absence  of  vesicles  in  the  enzyme  prepara¬ 
tion.  Another  possible  explanation  has  been  offered  by  Goodman  and 
Wheeler  who  pointed  out  that  in  the  presence  of  (Mg++  +  P^ ) ,  the  enzyme 
undergoes  a  conformational  change  necessary  for  ouabain  binding,  and 
that  this  change  is  phospholipid  dependent.  Alternatively,  the  phospho¬ 
lipids  may  be  essential  for  the  initial  interaction  of  Mg++  and  P^  with 
the  (Na+  +  K+) -ATPase  before  undergoing  any  conformational  change.  In 
addition,  it  should  be  born  in  mind  that  observations  discussed  above 
were  obtained  by  using  (Na  +  K  ) -ATPase  preparations  isolated  from 
different  species  and  tissues.  Thus,  it  is  possible  that  the  lipid 
composition  of  the  membrane  preparations  may  be  a  decisive  factor,  in¬ 
volved  in  modulating  the  interaction  of  ouabain  with  the  (Na+  +  K+)- 
ATPase.  Therefore,  the  apparent  conflicting  information  found  in  the 
literature  may  at  least  in  part  be  due  to  the  differences  in  the  lipid 
composition  of  the  membrane  among  different  species  and  tissues.  The 
effect  of  changes  in  the  lipid  composition  of  membrane  on  the  interact¬ 
ion  of  ouabain  with  (Na+  +  K+) -ATPase  enzyme  system  has  been  studied  by 
several  workers.  These  observations  which  assign  a  regulatory  role  for 
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membrane  lipids  in  ouabain  binding  are  discussed  below. 

Additional  information  on  the  possible  lipid  modulation  of  ouabain 
sensitivity  of  the  (Na+  +  K+)-ATPase  has  been  reported  by  Charnock  and 
Simonson  (1977).  The  (Na+  +  K+)-ATPase  isolated  from  the  axons  of  the 
walking  legs  of  the  cold  water  crab,  Cancev  magistev  ,  displayed  a  marked 
decrease  in  the  sensitivity  to  inhibition  by  ouabain  when  compared  to 
the  enzyme  isolated  from  a  mammalian  source  such  as  beef  brain.  The 
crab  nerve  (Na+  +  K+)-ATPase  preparations  showed  a  decreased  rate  of 
ouabain  binding  as  well  as  a  decreased  amount  of  ouabain  bound  under 
equilibrium  conditions.  It  is  well  known  that  the  lipid  composition  of 
membranes  of  poi kil otherms  differs  from  that  of  homeotherms.  The  Crust¬ 
acea  and  other  marine  animals  are  known  to  contain  more  unsaturated 
fatty  acids  with  longer  chain  lengths.  This  results  in  the  membranes  of 
marine  animals  demonstrating  phase  transitions  at  lower  temperatures 
than  those  seen  in  the  membranes  of  homeotherms.  In  other  words  in¬ 
creased  fluidity  of  the  membrane  results  from  changes  in  unsaturation 
and  chain  length  of  the  membrane  fatty  acids.  The  increased  mobility  of 
lipids  associated  with  the  crab  nerve  (Na+  +  K+)-ATPase  as  compared  to 
the  lipids  of  beef  brain  enzyme  has  been  observed  by  the  fluorescence 
polarization  technique  (Charnock  and  Simonson,  1977). 

It  is  now  well  documented  that  there  is  a  seasonal  variation  in  the 
membrane  lipid  composition  of  hibernating  animals  (Aloia  et  al .,  1974; 
Goldman,  1975;  Blaker  and  Moscatelli,  1978).  In  addition  to  the  changes 
in  the  lipid  composition,  seasonal  variations  in  the  (Na+  +  K+)-ATPase 
activity  as  well  as  its  cardiac  glycoside  receptor  properties  have  been 
reported  (Goldman  and  Willis,  1  973a,  1  973b;  Charnock  and  Simonson,  1  978; 
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Charnock  et  al.t  1  980b,  1  980c).  As  suggested  by  Charnock  and  Simonson 
(1  978),  the  changes  in  the  properties  of  the  (Na+  +  K+)-ATPase  that  have 
been  observed  during  hibernation  are  more  likely  to  be  due  to  altera¬ 
tions  in  the  lipid  components  of  the  membrane  rather  than  any  structural 
or  molecular  changes  in  the  (Na+  +  K+)-ATPase  protein. 

Thus  the  role  of  phospholipids  in  the  function  of  (Na  +  K  )-ATPase 
can  be  summarized  as  follows, 

a)  The  (Na+  +  K+)-ATPase  requires  phospholipids  for  optimal  activ¬ 
ity. 

b)  Reactivation  requires  negatively  charged  phospholipids  arranged 
in  a  lamellar  configuration. 

c)  In  addition  to  the  polar  head  group  of  the  phospholipids,  the 
fluidity  and  length  of  the  fatty  acid  acyl  chains  play  a  major 
role  in  the  regulation  of  enz,yme  activity. 

d)  The  "breaks"  in  the  Arrhenius  plots  of  the  temperature-activity 
relationship  of  (Na+  +  K+)-ATPase  are  possibly  due  to  the  phase 
transition  of  membrane  lipids  adjacent  to  the  ATPase  protein. 

e)  Under  certain  experimental  conditions,  phospholipids  can  modu¬ 
late  the  binding  of  ouabain  to  the  (Na+  +  K+)-ATPase. 
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L.  Rationale 

From  the  information  discussed  in  the  introduction  it  is  apparent 
that  the  lipids  of  the  membrane  matrix  are  able  to  influence  the  activity 
of  (Na+  +  K+)-ATPase.  However,  the  observations  on  the  role  of  lipids 
in  modulating  the  ouabain  sensitivity  of  (Na+  +  K+)-ATPase  are  less 
clear.  The  present  study  is  concerned  with  this  latter  aspect  of  the 
(Na+  +  K+) -ATPase . 

The  working  hypothesis  for  this  study  is  based  on  the  observation 

that: 

+  + 

a)  The  crab  nerve  (Na  +  K  ) -ATPase  reflects  far  less  sensitivity 
to  inhibition  by  ouabain  when  compared  with  the  same  membrane- 
associated  enzyme  from  beef  brain. 

b)  The  membrane  lipid  composition  of  pokilotherms  differs  from  that 
of  the  homeotherms . 

This  information  strongly  suggests  that  the  sensitivity  of  (Na+  + 

K+) -ATPase  to  ouabain  inhibition  resides  mainly  if  not  completely  in  the 
lipid  component  of  the  enzyme.  In  order  to  test  this  hypothesis  it  is 
necessary  to, 

a)  Purify  and  deli  pi  date  the  (Na  +  K  ) -ATPase  from  both  crab  axon 
and  beef  brain. 

b)  The  purified,  delipidated  enzyme  from  both  beef  brain  and  crab 
leg  nerve  should  be  incorporated  into  liposomes  prepared  from 
lipids  extracted  from  microsomal  fractions  enriched  with  beef 
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+  + 

brain  and  crab  nerve  (Na  +  K  )-ATPase  respectively,  in  an 
attempt  to  reconstitute  the  enzyme  activity  and  hence  the  oua¬ 
bain  sensitivity. 

c)  Using  the  reconstituted  preparations  I D^q  values  for  inhibition 
by  ouabain  should  be  obtained. 

d)  The  cross-over  study. 

The  reconstitution  of  beef  brain  enzyme  in  a  lipid  bi layer  composed 
of  lipids  extracted  from  crab  nerve  (Na+  +  K+)-ATPase  and  vice  versa , 
followed  by  the  construction  of  dose-response  curves  for  inhibition  by 
ouabain  in  each  case. 

Thus,  if  successful,  these  experiments  should  enable  us  to  achieve 
some  insight  into  the  concept  of  lipid  modulation  of  the  ouabain  sensi¬ 
tivity  of  (Na+  +  K+)-ATPase. 
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MATERIALS  AND  METHODS 


II.  MATERIALS  AND  METHODS 


A.  General 

Distilled  water  which  was  passed  through  a  series  of  deionizing 
columns  was  used  to  prepare  all  the  solutions.  Prior  to  use  all  solu¬ 
tions  were  filtered  through  a  mil li pore  filtration  system  of  0.8  u  pore 
size. 


B .  Chemical s 

Albumin  (bovine  serum),  ATP  (di sodium  salt),  deoxycholic  acid 
(sodium  salt),  glycyl glyci ne ,  L-histidine,  lactic  dehydrogenase  (type 
II),  mercaptoethanol ,  3-nicotinamide  adenine  dinucleotide  -  reduced 
form  (cyclohexyl amine  salt),  ouabain  octahydrate,  phospho-enol -pyruvate 
(tri -monocyclohexyl ammonium  salt),  L-a-phosphatidyl chol ine  (type  III 
from  egg  yolk),  pyruvate  kinase  (type  II),  sodium  dodecyl  sulphate, 
Sepharose  4B-CL  and  DNP-L-serine  were  all  purchased  from  the  Sigma 
Chemical  Co.,  Missouri,  U.S.A. 

The  synthetic  lecithins  dimyristoyl,  dipalmitoyl,  distearoyl,  di- 

stearoyl  and  dioleoyl  L-a-phosphati dylchol ines  were  purchased  from 

Supelco,  Inc.  (Bellefonte,  Pa.).  1-palmito,  2-oleoyl -L-a-phosphatidyl - 

choline  and  cholesterol  were  products  of  Serdary  Research  Laboratories 

(London,  Ont.).  Tris-base  (ultra  pure)  was  obtained  from  Schwarz/Mann 

(Orangeburg,  N.Y.)  and  Sephadex  G-50  (coarse)  was  supplied  by  Pharmacia 

(Canada)  Ltd;  2,6-di-tert-butyl -p-cresol  (BHT),  H^-EDTA  and  sucrose 

(Analar  )  were  from  BDH  Chemicals  Ltd.  Blue  dextran,  chloroform,  1,4- 

® 

dioxane  (scintanalyzed  ),  glacial  acetic  acid,  methanol,  naphthalene, 
PPO  (2,5-diphenyloxazole  -  scintanalyzed  ),  sodium  azide  and  toluene 
(scintanalyzed  )  were  purchased  from  the  Fisher  Scientific  Co.  Ltd., 
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New  Jersey,  U.S.A.  The  Eastman  Kodak  Co.  Ltd.  (Rochester,  N.Y.)  pro¬ 
vided  the  following:  acrylamide,  ammonium  peroxy  di sulphate,  bromo- 
phenol  blue  (sodium  salt)  and  N' ,N' -methylene  bisacrylamide.  [Carboxyl¬ 
ic]  deoxycholic  acid-sodium  salt  (specific  activity  52  mCi/mmol)  was 
from  Amersham/Searle  and  [G-  H]  ouabain  (specific  activity  12  Ci/mmol) 
was  obtained  from  the  New  England  Nuclear  (Canada)  Ltd. 

Tris-ATP  was  prepared  by  passing  Na£-ATP  (Sigma)  through  a  column 
of  Dowex-50W  (H+  form,  200-400  mesh),  purchased  from  Bio  Rad  Laboratories 
(U.S.A.) ,  followed  by  adjustment  of  the  pH  to  7. 5-7. 7  with  Tris  (base). 

All  other  chemicals  were  analytical  grade  and  purchased  from  either 
British  Drug  House  (Chemicals)  Ltd.,  or  Fisher  Scientific  Co.  Ltd. 

C.  Ti ssues 

(1)  Beef  Brain 

Fresh  beef  brains  were  obtained  from  the  Gainers  Ltd.  (Edmonton) 
and  transported  to  the  laboratory  on  crushed  ice.  After  removing  large 
blood  vessels,  the  cerebral  cortex  was  cut  into  approximately  100  g 
portions  and  immediately  frozen  in  liquid  N£.  The  frozen  tissue  was 
stored  at  -20°C  until  required. 

(2)  Crab  Nerve 

Axons  were  isolated  from  the  walking  legs  of  the  cold  water  crab 
Cancer  magis ter,  collected  from  a  depth  of  14-17  fathoms  (ambient  temp¬ 
erature  4-8°C) ,  off  Barkley  Sound,  Vancouver  Island.  The  animals  were 
kept  alive  in  sea  water  (ambient  temperature  6-8°C)  in  an  aquarium  at 
the  Bamfield  Marine  Biology  Station  for  8-10  days  prior  to  dissection. 

The  legs  were  cut  off,  while  the  animal  was  alive  and  the  nerves  were 
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quickly  removed  and  immersed  in  an  ice  cold  solution  of  0.9%  NaCl  -  10 
mM  Tris  -  2  mM  EDTA,  pH  7.6  (storage  medium).  The  pooled  axons  (approx¬ 
imately  10  g)  from  several  animals  were  transferred  (along  with  a  small 
volume  of  storage  medium)  into  small  plastic  vials  and  rapidly  frozen  in 
an  acetone/dry  ice  mixture'  The  aliquots  of  frozen  axons  were  stored  at 
-20°C. 


D.  Enzyme  Preparations 
(1)  Beef  Brain  (Na+  +  K+)-ATPase 

Untreated  preparations  of  (Na+  +  K+)-ATPase  from  the  cerebral  cor¬ 
tex  of  beef  ( Bos  taurus)  were  obtained  by  a  procedure  similar  to  that 
first  described  by  Charnock  and  Post  (1  963a)  but  recently  modified  by 
Charnock  et  al.  (1977).  The  method  was  based  on  the  differential  cent¬ 
rifugation  technique. 

Frozen  brain  tissue  (approximately  100  g)  was  weighed  and  allowed 
to  thaw  in  250  mM  sucrose  -  30  mM  L-histidine  -  20  mM  Tris  (base)  -  1  mM 
H^-EDTA,  pH  adjusted  to  6.8  with  1  N  HC1  (homogenizing  buffer).  The 
thawed  tissue  was  cut  into  small  pieces  (approximately  0.5  g)  and  homog¬ 
enized  in  a  ratio  of  1  g  tissue  to  10  ml  buffer.  The  homogenization  was 
carried  out  at  4°C  by  using  a  Polytron  Homogenizer  (model  PT  10-20-350D; 
Brinkmann  Instruments  Ltd.)  fitted  with  a  generator  (type  PT  20)  and  op¬ 
erated  at  setting  8  for  10  seconds.  All  of  the  following  differential 
centrifugation  steps  were  performed  at  4°C  in  a  refrigerated  Sorvall 
RC-2B  centrifuge  fitted  with  a  SS  34  rotor. 

The  homogenate  was  centrifuged  at  1000  x  gmax  for  15  min  to  remove 
large  cellular  debris.  The  lysosomes  and  the  mitochondrial  particles 
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for  20  min.  The  resultant 


were  removed  by  centrifuging  at  9000  x  q 
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supernatant  was  then  centrifuged  at  46,000  x  g  for  30  min.  to  yield 

ms  x 

a  "heavy  microsomal"  pellet.  The  soluble  fraction  was  discarded  while 
the  pellet  was  washed  twice  by  resuspension  and  sedimentation  in  250  mM 
sucrose  -  20  mM  Tris  (base)  -  1  mM  H^-EDTA,  pH  7.6  (resuspending  buffer) 
The  washed  pellets  were  resuspended  in  this  buffer  and  stored  at  -20°C 
as  1  ml  aliquots  in  1.5  ml  Brinkmann-Eppendorf  micro  test  tubes,  after 
freezing  rapidly  in  liquid  . 

(2)  Crab  Nerve  (Na+  +  K+)-ATPase 

A  microsomal  fraction  enriched  in  (Na+  +  K+)-ATPase  from  crab  axons 
was  prepared  according  to  the  general  procedure  of  Charnock  and  Post 
(1963a)  as  later  modified  in  this  laboratory  (Charnock  and  Simonson, 
unpubl ished  data) . 

The  axons  (approximately  10  g)  which  were  stored  in  a  salt  solution 
were  thawed  in  250  mM  sucrose  -  30  mM  L-histidine  -  20  mM  Tris  (base)  - 
2  mM  H^-EDTA,  pH  7.6  (homogenizing  buffer).  The  nerves  were  washed 
twice  using  this  medium  by  resuspending  and  centrifuging  at  5000  x  g 
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for  15  min,  in  a  Sorvall  RC-2B  refrigerated  centrifuge  fitted  with  a 
SS  34  rotor.  This  step  was  done  to  remove  the  NaCl  which  was  present  in 
the  storage  medium.  The  wet  weight  of  the  pellet  was  noted,  and  the 
axons  were  homogenized  in  a  ratio  of  1  g  tissue  to  20  ml  homogenizing 
buffer.  The  homogenization  was  carried  out  at  4°C,  by  using  the  Poly- 
tron  Homogenizer  described  above,  which  was  operated  at  setting  8.  Sep¬ 
arate  bursts  of  15  sec,  10  sec,  10  sec  (for  a  total  of  35  seconds)  were 
employed  with  short  periods  of  cooling  in  ice  between  bursts  to 
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homogenize  the  axons.  After  removing  the  cellular  debris  by  a  low  speed 
spin  (2000  x  gmax  for  15  min  in  a  Sorvall  RC-2B  centrifuge)  the  super¬ 
natants  were  pooled  and  centrifuged  at  123.000  x  q  for  60  min  to  ob- 
tain  a  microsomal  pellet.  This  latter  centrifugation  step  was  performed 
in  a  Beckman  L3-40  refrigerated  ultracentrifuge  equipped  with  a  60  Ti 
fixed  angle  rotor.  Microsomes  were  washed  twice  by  resuspension  and 
centrifugation  at  123,000  x  g  in  sucrose  buffer  (250  mM  sucrose  -  20 
mM  Tris  (base)  -  2  mM  H^-EDTA,  pH  7.6).  The  washed  pellets  were  resus¬ 
pended  in  sucrose  buffer  and  stored  as  1  ml  aliquots,  after  freezing  in 
liquid  N2. 

(3)  Deoxycholate  Treatment  of  (Na+  +  K+)-ATPase 

After  determining  the  initial  protein  concentration,  the  untreated 
preparation  of  (Na+  +  K+)-ATPase  (either  beef  brain  enzyme  or  crab  nerve 
ATPase)  was  diluted  with  Tris-EDTA  buffer  (20  mM  Tris  -  1  mM  EDTA,  pH 
7.6)  to  a  final  protein  concentration  of  1  mg/ml  in  the  presence  of  5  mM 
Na£-ATP.  An  equal  volume  of  0.2%  sodium  deoxycholate  solution  (in  Tris- 
EDTA  buffer,  pH  7.6)  was  added  to  the  enzyme  suspension,  to  achieve  a 
final  detergent/protein  ratio  of  2/1  (w/w) .  The  detergent/enzyme  mix¬ 
ture  was  then  incubated  at  30°C  with  gentle  agitation  in  a  Dubnoff  shak¬ 
ing  water  bath.  After  30  min.  the  extraction  was  stopped  by  the  addi¬ 
tion  of  an  equal  volume  of  ice  cold  water.  The  detergent  extracted  mem¬ 
branes  were  recovered  by  centrifugation  at  either  46,000  x  gmax  for  30 
min  (beef  brain  enzyme)  or  123,000  x  g  for  60  min  (crab  nerve  enzyme). 
The  resultant  pellet  was  washed,  resuspended  and  stored  in  the  appropri¬ 
ate  buffer  (depending  on  the  source  of  the  enzyme)  in  a  manner  identical 


to  that  described  for  the  untreated  membrane  fraction  for  either  beef 
brain  or  crab  nerve  respectively. 

(4)  Assay  of  Enzyme  Activity 

All  enzyme  preparations  were  assayed  for  both  ouabain  sensitive  and 
ouabain  insensitive,  as  well  as  sodium  sensitive  and  sodium  insensitive 
ATPase  activity.  In  all  instances  the  temperature  of  the  assay  medium 
was  maintained  at  37  ±  0.2°C. 

Enzyme  activity  was  determined  by  a  coupled  optical  assay  system 
similar  to  that  described  previously  (Schoner  et  al . ,  1967;  Schwartz 
et  al.,  1969;  Charnock  et  al . ,  1  977;  Charnock  and  Simonson,  1  977).  This 
method  involves  the  cyclic  regeneration  of  ATP  via  pyruvate  kinase  ( PK) , 
in  the  presence  of  phospho-enol -pyruvate  (PEP).  The  spectrophotometric 
assay  is  linked  to  the  oxidation  of  NADH  via  lactic  dehydrogenase  (LDH) 
and  can  be  illustrated  (Mahler  and  Cordes,  1966)  as  follows. 


ATPase 


PE 
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The  end  result  is  the  stoichiometric  conversion  of  ATP  by  ATPase  to  NAD, 
which  was  continuously  monitored  at  340  nm,  using  a  Gilford-2400  record¬ 
ing  spectrophotometer,  connected  to  a  jacketed  ethylene/glycol  constant 
temperature  bath  (Haake  NK  22).  The  assay  medium  contained,  in  a  final 
volume  of  3  ml,  3.14  mM  phospho-enol -pyruvate  (trimonocyclohexylammonium 
salt),  22  U/ml  pyruvate  kinase,  13.5  U/ml  lactic  dehydrogenase ,  0.28  mM 
NADH  (cycl ohexylamine  salt)  and  80  mM  NaCl  in  100  mM  glycyl glycine  buff¬ 
er  (pH  7.6),  which  contained  250  mM  sucrose,  2  mM  MgS04-7H20,  0.2  mM  H^- 
EDTA  and  20  mM  KC1 .  After  temperature  equilibration,  either  10  or  20  yl 
aliquot  of  enzyme  suspension  was  added  to  the  cuvette.  This  was  immedi¬ 
ately  followed  by  the  addition  of  Tris-ATP  (to  a  final  concentration  of 
1.5  mM)  which  initiated  the  reaction.  Enzyme  activity  was  calculated  by 
using  the  linear  portion  of  the  slope  of  the  tracing  and  the  specific 
activity  expressed  as  ymol  ATP  hydrolysed/mg  protein  per  hour  at  37°C. 

Mg++-ATPase  (ouabain  insensitive  ATPase)  activity  was  followed  in 
the  presence  of  2  mM  ouabain.  Ouabain  sensitive  ATPase  activity  was  ob¬ 
tained  by  subtracting  the  Mg++-ATPase  activity  from  the  total  ATPase 
activity,  which  was  measured  in  the  presence  of  Mg++,  K+  and  Na+.  Sod¬ 
ium  insensitive  ATPase  activity  was  measured  in  an  identical  assay  med¬ 
ium  to  that  used  for  the  determination  of  total  ATPase  activity  except 
that  80  mM  NaCl  was  omitted  from  the  reaction.  Thus,  sodium  stimulation 
of  the  enzyme  (i.e.  sodium  sensitive  ATPase  activity)  was  obtained  from 
the  difference  in  enzyme  activity  in  the  presence  and  absence  of  80  mM 
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(5)  Determination  of  Enzyme  Protein  Concentration 

The  protein  concentration  of  an  enzyme  preparation  was  estimated  by 
a  modification  of  the  method  of  Lowry  et  at.  (1951),  as  described  by 
Peterson  (1977).  The  main  difference  in  this  modified  Lowry  procedure 
is  that  it  includes  1%  SDS  (final)  in  the  alkali  reagent  for  rapid  de- 
naturation  and  solubilization  of  membrane  protein.  This  is  of  key  im¬ 
portance  since  lipids  in  membrane  proteins  are  known  to  interfere  with 
the  Lowry  assay  procedure  and  the  inclusion  of  SDS,  may  alleviate  poss¬ 
ible  interference  from  detergent  and/or  membrane  lipid  (Peterson,  1977). 

E.  SDS-Polyacryl amide  Gel  Electrophoresis 

The  subunit  pattern  of  untreated  (Na+  +  K+)-ATPase  preparations 
isolated  from  beef  brain  and  crab  nerve  was  studied  by  the  SDS-polyacryl - 
amide  gel  electrophoresis  technique  according  to  the  method  of  Fairbanks 
et  at .  (1 971 ) . 

5.6%  polyacrylamide  gels  containing  1%  SDS  were  prepared  in  10  cm 
long  glass  tubes  with  an  internal  diameter  of  6  mm.  The  enzyme  prepara¬ 
tion  (2-4  mg/ml)  was  solubilized  at  37°C  for  1  hr,  in  a  solution  con¬ 
taining  1%  SDS-5%  sucrose-10  mM  Tris-1  mM  EDTA-40  mM  mercaptoethanol 
(pH  8.0).  After  adding  the  tracking  dye  (0.05%  bromophenol  blue),  50- 
100  yl  aliquots  (approximately  50-100  yg  protein)  of  the  solubilized  en¬ 
zyme  preparation  were  applied  to  the  tops  of  the  gels.  Electrophoresis 
was  performed  in  el ectrophoresi s  buffer  (200  mM  sodium  acetate-100  mM 
Tris-20  mM  EDTA,  pH  7.4),  containing  1%  SDS,  at  a  current  of  8  mA  per 
gel,  in  an  electrophoresis  apparatus  connected  to  an  0rtec-4100  pulsed 
constant  electrophoresis  power  supply.  Electrophoresis  was  carried  out 
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until  the  tracking  dye  had  moved  to  the  end  of  the  gel  (approximately 

4- 5  hours).  After  electrophoresis,  the  gels  were  stained  with  coomassie 
brilliant  blue  and  destained.  The  destaining  procedure  was  carried  out 
according  to  the  method  of  Webber  and  Osborn  (1969).  After  destaining 
the  gels  were  stored  in  7.5%  acetic  acid.  The  gels  were  scanned  at  550 
nm  using  a  Gilford  2400  spectrophotometer  coupled  with  a  linear  trans¬ 
port  accessory  (Gilford  241 0-S). 

F.  Lipid  Extraction 

(1)  Preparation  of  Total  Lipid  Extract 

+  + 

Total  lipids  from  untreated  (Na  +  K  )-ATPase  preparations  were  ex¬ 
tracted  with  chloroformrmethanol  according  to  the  method  of  Bligh  and 
Dyer  (1959). 

An  untreated  membrane  fraction  enriched  in  (Na+  +  K+)-ATPase  (eith¬ 
er  from  beef  brain  or  crab  nerve)  was  prepared  according  to  the  method 
described  above,  except  that  the  final  pellet  was  taken  up  in  distilled 
water  (pH  7.6  with  1  M  Tris),  to  yield  a  protein  concentration  of  about 

5- 10  mg/ml.  The  lipids  from  this  aqueous  membrane  suspension  were  ex¬ 
tracted  by  the  addition  of  10  volumes  of  chloroform:methanol  (2:1).  The 
lipid  containing  lower  organic  solvent  phase  was  collected  and  the  resi¬ 
due  was  re-extracted  with  chloroform :methanol  (2:1)  saturated  with  water. 
The  pooled  solvent  phases  were  transferred  to  a  preweighed  round  bottom 
flask  and  rotary  evaporated  in  vaouo  to  dryness.  The  lipid  film  was 
further  dried  under  vacuum  over  Sicapent  (BDH  Chemicals)  for  24-48 
hours,  weighed  and  then  taken  up  in  a  desired  volume  of  chloroform.  The 
lipid  extract  was  stored  under  nitrogen,  in  the  presence  of  0.001% 
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2 ,6-di -tert-butyl -p-cresol  (BHT)  at  -20°C  and  used  within  two  weeks  of 
preparation . 

(2)  Determination  of  Phospholipid  and  Cholesterol  Content 

Phosphate  assays  were  conducted  according  to  the  method  of  Fiske 
and  Subbarow  (1925)  to  determine  the  phospholipid  content  of  the  total 

4.  4. 

lipid  extracts  of  (Na  +  K  )-ATPase.  The  cholesterol  content  of  lipid 
extracts  was  measured  by  a  colorimetric  method  based  on  the  Libermann- 
Burchard  reaction  as  described  by  Huang  et  al .  (1961).  The  absorbance 
of  the  samples  was  measured  using  either  a  Beckman  DB-G  Spectrophoto¬ 
meter  or  a  Gilford  300 -N  micro-sample  spectrophotometer. 

G.  Incorporation  of  (Na+  +  K+)-ATPase  into  Liposomes 
Incorporation  of  (Na+  +  K+)-ATPase  into  liposomes  was  achieved  by 
column  chromatography  technique.  The  method  employed  was  similar  to 
that  described  for  the  incorporation  of  aminopepti dase  (Wacker  et  al . , 
1976),  human  acetylcholinesterase  (Hall  and  Brodbeck,  1978)  and  T^s^ 
hydrophobic  peptide  from  MN  glycoprotein  (Allen  et  al .,  1980)  into  leci¬ 
thin  liposomes. 

(1)  Preparation  of  Sephadex  G-50  Columns 

Dry  Sephadex  G-50  (coarse)  beads  were  swollen  overnight  at  room 
temperature  in  100  mM  KC1  -  20  mM  Tris  (base)  -  1  mM  EDTA,  pH  7.6,  which 
contained  0.02%  sodium  azide  as  a  preservati ve,  henceforth  referred  to 
as  KTEA  or  eluting  buffer.  After  swelling,  the  fine  gel  particles  were 
aspirated  out,  and  the  gel  slurry  was  washed  several  times  with  the 
eluting  buffer.  Before  packing  the  swollen  gel  was  deaerated  (by  using 


a  built  in  laboratory  vacuum  system)  to  remove  the  air  bubbles  trapped 
in  the  gel  slurry.  The  fairly  thick  slurry  of  deaerated  gel  was  trans¬ 
ferred  into  the  column,  by  pouring  carefully  down  the  glass  wall.  An 
eluent  reservoir  was  connected  to  the  column  and  filled  with  the  eluting 
buffer.  In  order  to  achieve  even  sedimentation  of  the  beads,  the  flow 
(under  gravity)  was  started  immediately  after  filling  the  column. 

The  columns  used  for  gel  filtration  in  Sephadex  G-50,  were  obtained 
from  Bio  Rad  Laboratories  and  were  of  two  sizes.  Small  column  (1.5  cm  x 
50  cm)  was  packed  to  a  height  of  about  40  cm  and  samples  up  to  4  ml  were 
eluted.  The  large  column  (2.0  cm  x  60  cm)  was  packed  to  a  bed  volume  of 
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about  150  cm  and  used  for  samples  up  to  8  ml .  The  void  volume  and  the 
column  volume  of  each  gel  column  was  determined  by  using  approximately 
1-2  ml  of  a  mixture  of  blue  dextran  and  DNP-L-seri ne .  The  larger  molecu¬ 
lar  weight  substance,  blue  dextran  was  excluded  in  the  void  volume  (blue 
colour),  while  the  DNP-L-serine  having  a  smaller  molecular  weight,  ran 
in  the  column  volume  as  a  sharp  yellow  band. 

(2)  Preparation  of  Sepharose  4B-CL  Column. 

Sepharose  4B-CL  which  was  supplied  as  a  pre-swollen  thick  suspen¬ 
sion  in  distilled  water  containing  0.02%  sodium  azide  was  diluted  with 
KTEA  buffer.  The  fine  bead  particles  were  aspirated  out,  and  the  gel 
was  equilibrated  with  several  changes  of  buffer  at  room  temperature  for 
4-5  hours.  The  gel  was  deaerated  before  packing.  The  thick  slurry  of 
gel  was  poured  into  the  column  (1.5  cm  x  50  cm)  and  eluted  with  KTEA 
buffer.  The  beads  were  packed  to  a  height  of  40  cm,  under  an  operating 
pressure  of  10-15  cm  H20.  Samples  up  to  3  ml  were  eluted  in  this  column. 
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The  void  volume  and  column  volume  of  the  Sepharose  4B-CL  column  was  de¬ 
termined  by  running  a  sample  of  a  mixture  of  blue  dextran  and  DNP-L- 
serine. 

(3)  Preparation  of  Liposomes  Containing  (Na+  +  K+)-ATPase 

For  the  preparation  of  (Na+  +  K+)-ATPase  containing  lipid  vesicles 
a  phospholipid/protein  molar  ratio  of  750:1  was  used,  assuming  an  aver¬ 
age  molecular  weight  of  250,000  g/mole  and  750  g/mole  for  (Na+  +  K+)- 
ATPase  enzyme  protein  and  phospholipid  respectively. 

An  aliquot  of  lipid  (usually  10-15  mg  in  CHCl^)  was  evaporated  to 
dryness  under  a  stream  of  ^  and  further  dried  at  20°C  for  45-60  min 
in  vaeuo  by  rotary  evaporation  in  a  Buchler  flash  evaporator.  The  dried 
lipid  film  was  flushed  with  nitrogen  and  sealed  with  parafilm.  To  the 
dried  lipid,  ]%  solution  of  deoxycholate  (sodium  salt)  in  20  mM  Tris  - 
1  mM  EDTA  (pH  7.6)  was  added  to  yield  a  detergent/phospholipid  molar 
ratio  of  about  3:1.  The  detergent-lipid  mixture  was  vortexed  thoroughly 
until  clear. 

A  sample  of  partially  delipidated  (with  DOC)  (Na+  +  K+)-ATPase 
preparation  (2-5  mg/ml)  was  thawed  and  diluted  (if  necessary)  with  20  mM 
Tris-1  mM  EDTA,  pH  7.6,  so  that  when  added  to  the  detergent-lipid  mix¬ 
ture  the  final  protein  concentration  would  range  from  1.0  -  1.5  mg/ml. 
The  enzyme  preparation  was  then  added  to  the  D0C-1 i pi d  mixture,  vortexed 
and  incubated  at  room  temperature  for  5  min.  The  enzyme/lipid/detergent 
mixture  was  then  applied,  (by  using  a  Pasteur  pipet)  to  a  column  of 
Sephadex  G-50,  which  had  been  pre-equil ibrated  with  eluting  buffer.  The 
enzyme/lipid/detergent  mixture  was  eluted  at  a  flow  rate  of  1  ml /min. 
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with  KTEA  buffer.  The  flow  rate  was  controlled  by  means  of  a  constant 
hydrostatic  pressure  and  fractions  of  either  2  ml  or  4  ml  (depending  on 
the  size  of  the  column)  were  collected  by  using  an  LKB  (Ultro-Rac  7000) 
or  an  ISCO  (Golden  Retriever-370)  fraction  collector. 

The  turbid  fractions  (i.e.  void  volume)  containing  liposomes  and 
enzyme  protein  were  pooled  and  centrifuged  at  161,000  x  gmax  for  60  min, 
in  a  Beckman  L3-40  refrigerated  ultracentrifuge  fitted  with  a  titanium 
(60  Ti)  rotor.  The  resultant  pellet  was  taken  up  in  2-3  ml  of  KTEA  buf¬ 
fer  and  applied  to  a  column  of  Sepharose  4B-CL  which  had  been  pre-equil- 
i bra ted  with  the  same  buffer.  The  sample  was  eluted  at  a  flow  rate  of 
9  ml /hr,  by  means  of  a  constant  hydrostatic  pressure  and  2  ml  fractions 
were  collected.  The  most  turbid  fractions  of  the  void  volume  were 
pooled  (4-6  ml)  and  concentrated  by  centrifugation  at  161,000  x  gmnv  for 
60  min.  The  resultant  pellet  was  taken  up  in  about  1.0  -  1  .5  ml  of  20 
mM  Tris  -  1  mM  EDTA,  pH  7.6  and  assayed  for  (Na+  +  K+)-ATPase  activity 
as  described  above  (Section  D.  4.).  The  (Na  +  K  )-ATPase  preparation 
reincorporated  into  a  liposome  bilayer  was  stored  at  4°C  and  used  within 
24-48  hours. 

A  small  aliquot  of  reconstituted  ATPase  preparation  was  viewed 

under  an  electron  microscope  (JEM  7A)  after  negative  staining  with  a  1% 

★ 

solution  of  phosphotungstate . 

When  the  endogenous  lipids  of  an  enzyme  preparation  were  serially 
substituted  with  added  lipid,  the  procedure  employed  was  similar  to  that 
described  above  for  liposome  preparation  from  mixed  or  "total"  lipids. 


*  The  electron  microscopy  was  performed  by  Mr.  G.  Duchon  of  the  Depart¬ 
ment  of  Pharmacology  at  the  University  of  Alberta. 
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The  only  difference  was  that  the  enzyme  preparation  was  exposed  to  a 
mixture  of  lipid-detergent  three  times,  instead  of  a  single  exposure  as 
mentioned  before.  All  three  mixtures  of  lipid  plus  detergent  contained 
identical  quantities  of  lipid  and  detergent.  The  incorporation  of  en¬ 
zyme  protein  into  liposomes  was  achieved  by  the  gel -fil tration  technique 
as  described  before.  In  brief,  a  suspension  of  (Na+  +  K+)-ATPase  was 
added  to  lipid-detergent  mixture  and  ATPase-1 iposomes  were  formed  by 
detergent  depletion  on  a  Sephadex  G-50  column.  The  void  volume  was  con¬ 
centrated  by  centrifugation  and  reintroduced  to  a  mixture  of  lipid  and 
detergent  for  the  second  time.  The  enzyme/1 ipid/detergent  mixture  was 
then  gel  filtered  on  a  column  of  Sephadex  G-50  which  had  been  pre-equil- 
ibrated  with  eluting  buffer.  The  void  volume  was  pooled,  concentrated 
and  exposed  to  a  lipid-detergent  mixture  for  the  third  time.  Deoxychol- 
ate  was  removed  from  this  enzyme/lipid/detergent  mixture  by  gel  filtra¬ 
tion  on  Sephadex  G-50.  ATPase-1 iposomes  eluted  from  the  sephadex  column 
were  concentrated  by  sedimentation  at  161,000  x  gmax  for  60  min.  The 
resultant  pellet  was  taken  up  in  KTEA  buffer  and  gel  filtered  on  a  Seph- 
arose  4B-CL  column  as  described  before.  The  term,  "serially  substituted 
enzyme"  will  be  used  to  describe  an  enzyme  preparation,  incorporated 
into  liposomes  by  this  method. 

In  order  to  avoid  possible  thermal -denaturation  of  the  enzyme,  the 
initial  reconstitution  experiments  were  carried  out  at  4°C  in  a  cold 
room.  However,  it  was  found  that  the  reincorporation  of  (Na+  +  K+)- 
ATPase  into  liposomes  could  be  accomplished  successfully  at  room  temper¬ 
ature,  without  significantly  affecting  the  enzyme  activity.  Therefore, 
unless  otherwise  indicated,  all  of  the  reconstitution  experiments 
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reported  in  this  presentation  were  performed  at  room  temperature. 

In  a  preliminary  series  of  experiments  the  separation  of  DOC  by 

Sephadex  G-50  filtration  and  the  elution  profile  of  the  enzyme  protein 

was  followed  by  using  radiolabelled  compounds  of  [^4C]-deoxychol  ate  and 

[3H]-ouabain  respectively.  A  small  aliquot  (10-20  yl )  of  [14C]-deoxy- 

cholate  (1.1  x  10  d pm/ml )  was  added  to  the  detergent-lipid  mixture  and 

vortexed.  The  enzyme  protein  was  labelled  with  tritiated  ouabain 

according  to  the  method  of  Charnock  et  al .  (1  977).  2  ml  of  enzyme 

(2.5  mg/ml)  was  incubated  in  the  binding  solution  which  consisted  of 

100  mM  glycyl glycine  -  2  mM  MgSO^  -  0.2  mM  H^-EDTA  -  80  mM  NaCl  -  2.5  mM 

^-ATP,  pH  7.6  with  1  M  Tris-base.  The  incubation  medium  also  contained 

5  x  10"^M  (final)  unlabelled  ouabain  plus  10  yl  of  [3H]-ouabain  (1.0  x 
g 

10  dpm/ml ) .  This  mixture  was  incubated  at  37°C  for  30  min.  in  a  Dub- 

noff  metabolic  shaking  incubator.  At  the  end  of  the  incubation  the 

14 

enzyme-ouabain  mixture  was  added  to  the  [  C] -D0C/1 i pi d  mixture,  vortex¬ 
ed  and  incubated  for  5  min.,  at  room  temperature.  This  mixture,  which 
contained  (Na  +  K  )-ATPase  labelled  with  [  H]-ouabain,  phospholipid  and 

_14  - 

[  CJ  labelled  deoxycholate  was  then  applied  on  to  a  column  of  Sephadex 

G-50  and  eluted  with  KTEA  buffer.  Fractions  of  2  ml  were  collected  by 

using  an  LKB  (Ultro-Rac  7000)  fraction  collector.  A  0.5  ml  aliquot  was 

14  3 

withdrawn  from  each  fraction  and  counted  for  both  [  C]  and  [  H]  in  10 
ml  of  13.5%  (v/v)  toluene-dioxane  fluor  containing  both  0.5%  (w/v)  PP0 
and  10%  (w/v)  napthalene.  The  samples  were  counted  to  2%  error  in  a 
Beckman  LS-100  liquid  scintillator. 

In  addition,  a  small  aliquot  from  each  fraction  was  analyzed  for 
the  presence  of  protein  and  for  inorganic  phosphate  (P.)  content  which 
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was  obtained  according  to  the  method  of  Fiske  and  Subbarow  (1925). 

The  liposomes  and  the  [  H]-labelled  ATPase  protein  which  was  eluted 
in  the  void  volume  of  G-50  column,  were  concentrated  by  centrifugation 
(161,000  x  gmax  for  1  hr)  and  the  resuspended  pellet  was  gel  filtered  in 
Sepharose  4B-CL.  Fractions  of  2  ml  were  collected  and  a  0.5  ml  sample 
from  each  fraction  was  counted  for  both  [  C]  and  [  H] .  In  addition 
each  fraction  eluted  from  the  Sepharose  column  was  analyzed  for  the  pre¬ 
sence  of  enzyme  protein  and  also  for  the  P.  content.  The  ATPase  lipo¬ 
some  eluted  in  the  Sepharose  4B-CL  void  volume  were  used  for  density 
gradient  experiments  which  were  carried  out  as  follows. 

(4)  Sucrose  Density  Gradient  Centrifugation 

Linear  density  gradients  of  sucrose  (10  ml)  consisting  of  15-40% 
sucrose  (w/w)  in  100  mM  KC1 -20  mM  Tris-1  mM  EDTA,  pH  7.6,  were  prepared 
using  a  Chrismac-(model  DGM-15)  gradient  forming  device.  The  gradients 
were  chilled  to  4°C  overnight  before  use.  A  sample  (200-500  yl )  of  the 
Sepharose  4B-CL  void  volume  was  layered  on  each  gradient.  The  tubes 
were  then  centrifuged  at  4°C  in  a  Beckman  swing-out  rotor  (SW  41)  using 
a  Beckman  L3-40  ul tracentrifuge  at  208,000  x  gm,v  for  6  hr.  After  cent- 
rifugation  a  long  needle  was  introduced  through  each  gradient.  With  the 
aid  of  a  1  ml  syringe  and  a  three-way  stopcock,  twenty  0.5  ml  fractions 
were  withdrawn  from  each  gradient.  The  detection  of  liposomes  was  car¬ 
ried  out  using  two  different  methods.  In  one  of  these,  the  absorbance 
at  330  nm  of  each  fraction  (0.5  ml),  was  measured  by  using  a  quartz 
micro  cuvette  on  a  Gilford  2400  spectrophotometer,  and  served  as  a  qual¬ 
itative  measurement.  For  a  quantitative  measurement  of  liposomes,  a 
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small  aliquot  from  each  fraction  was  analyzed  for  the  P.  content.  In 
order  to  detect  the  presence  of  enzyme  protein,  a  200  ul  sample  from 
each  fraction  was  counted  for  the  presence  of  [  H].  In  addition,  each 
fraction  was  assayed  for  the  presence  of  protein.  In  order  to  follow 
the  linearity  of  the  gradient,  the  refraction  of  sucrose  of  each  frac¬ 
tion  was  measured  by  using  a  refractometer  (Fisher  Scientific  Co.  Ltd.) 

H.  Ouabain  Dose-Response  Curves 

The  inhibition  of  (Na+  +  K+)-ATPase  activity  at  not  less  than 

twenty  different  concentrations  of  ouabain  was  followed  by  using  the 

coupled  assay  method  described  above.  All  assays  were  carried  out  at 

37  ±  0.2°C.  The  enzyme  activity  was  measured  in  the  presence  of  2  mM 
++  +  + 

Mg  ,  20  mM  K  and  80  mM  Na  plus  varying  concentrations  of  ouabain. 

The  total  enzyme  activity  was  measured  using  an  identical  assay  medium 
but  contained  no  ouabain.  The  basal  enzyme  activity  (i.e.  in  the  ab¬ 
sence  of  80  mM  Na+)  was  also  determined  and  used  to  calculate  the  mini¬ 
mum  ouabain  concentration  which  produced  a  maximum  inhibition  of  the 
(Na+  +  K+)-ATPase  activity.  The  maximum  inhibition  by  ouabain  occurred 
when  the  ouabain  inhibited  enzyme  activity  was  similar  to  the  basal 
activity  which  was  observed  in  the  absence  of  80  mM  Na+. 

I .  Analysis  of  Results 

When  possible  the  results  are  expressed  as  mean  ±  SEM.  The  ouabai 
concentration  which  caused  a  50%  inhibition  (i.e.  ID^q  value)  of  (Na+  + 
K+) -ATPase  activity  was  calculated  by  using  the  linear  portion  of  the 
log  dose  response  curve  (usually  between  20-80%  inhibition).  The  ID^q 
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value  was  obtained  by  computer  regression  analysis  and  the  mean  ID5Q 
value  for  each  enzyme  preparation  was  calculated  by  using  results  from 
no  less  than  three  separate  experiments.  The  difference  in  ID^g  values 
between  enzyme  preparations  were  analyzed  by  means  of  student  t-test 
(unpaired),  at  the  Mo  significance  level. 


RESULTS 


III.  RESULTS 


A.  Control  Preparations 

Microsomal  membrane  fractions  prepared  from  either  beef  brain  or 
crab  nerve  were  assayed  for  (Na+  +  K+)-ATPase  activity  as  described  in 
Materials  and  Methods.  The  (Na+  +  K+)-ATPase  activity  was  always  meas¬ 
ured  by  both  sodium  stimulation  and  inhibition  by  ouabain.  This  was 
necessary  since  (Na+  +  K+)-ATPase  from  crab  nerve  has  been  reported  to 
be  less  sensitive  to  inhibition  by  ouabain  than  the  (Na+  +  K+)-ATPase 
prepared  from  beef  brain  (Charnock  and  Simonson,  1977). 

It  has  also  been  reported  (Charnock  et  al . ,  1977)  that  partial 
delipidation  of  membrane  preparations  enriched  in  (Na+  +  K+)-ATPase 
with  deoxycholate,  would  cause  a  considerable  increase  in  the  (Na+  + 
K+)-ATPase  activity.  Thus,  the  untreated  membrane  fractions  from  both 
beef  brain  and  crab  nerve  were  extracted  with  deoxycholate  at  a  deter¬ 
gent/protein  ratio  of  2/1  (w/w)  as  described  in  Materials  and  Methods. 
The  results  are  summarized  in  Table  1. 

The  results  shown  in  Table  1  indicate  that  deoxycholate  treatment 
of  enzyme  preparations  from  beef  brain  had  resulted  in  a  considerable 
activation  of  (Na+  +  K+)-ATPase  activity.  As  a  result  of  the  detergent 
extraction,  the  specific  activity  of  ouabain-sensitive  beef  brain 
(Na+  +  K+)-ATPase  increased  from  41.2  to  113.8  ymol  ATP  hydrolyzed/mg 
protein/hr.  In  contrast,  the  specific  activity  of  crab  nerve  (Na+  + 
K+)-ATPase  was  not  altered  by  the  detergent  treatment.  This  observa¬ 
tion  suggested  that  enzyme  preparations  isolated  from  crab  axons  have  a 
different  profile  to  activation  by  deoxycholate,  compared  to  the 
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COMPARISON  OF  THE  EFFECT  OF  DOC  ON  THE  SPECIFIC  ACTIVITIES  OF  BEEF  BRAIN  AND  CRAB  NERVE  ENZYME  PREPARATIONS 
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(Na+  +  K+)-ATPase  prepared  from  beef  brain.  Therefore,  in  a  separate 
experiment,  the  effect  of  varying  concentrations  of  deoxycholate  (i.e. 
different  ratios  of  detergent/protein)  on  the  specific  activity  of  both 
beef  brain  and  crab  nerve  was  investigated.  The  treatment  with  deoxy¬ 
cholate  was  carried  out  as  described  in  Materials  and  Methods  except 
that  different  concentrations  of  DOC  solutions  were  used  to  achieve  the 
desired  detergent/protein  ratios.  Fig.  1  illustrates  the  results  of 
this  experiment  where  the  data  are  presented  as  %  (Na+  +  K+)-ATPase 
activity  remaining  after  treatment  with  deoxycholate.  From  these  re¬ 
sults  it  is  clear  that  beef  brain  (Na+  +  K+)-ATPase  can  be  activated 
considerably  by  detergent  extraction.  Optimum  activation  occurred 
after  extraction  with  DOC  at  a  detergent/protein  ratio  of  3/1 .  In  con¬ 
trast,  DOC  treatment  did  not  result  in  a  significant  increase  in  the 
specific  activity  of  (Na+  +  K+)-ATPase  prepared  from  crab  nerve.  Both 
enzymes  were  inactivated  at  higher  detergent/protein  ratios.  Although 
DOC  treatment  did  not  cause  a  significant  enhancement  in  the  specific 
activity  of  crab  nerve  ATPase,  neither  was  it  significantly  decreased 
by  this  level  of  DOC.  Therefore,  all  enzyme  preparations  (both  beef 
brain  and  crab  nerve)  used  in  subsequent  experiments  were  treated  with 
deoxycholate  at  a  detergent/protein  ratio  of  2/1  (w/w). 

In  an  earlier  study  Charnock  and  Simonson  (1977)  had  provided  evi¬ 
dence  that  untreated  preparations  of  (Na+  +  K+) -ATPase  obtained  from 
beef  brain  and  crab  nerve  have  markedly  different  responses  to  inhibi¬ 
tion  by  ouabain.  This  claim  was  re-examined  by  using  detergent  extract¬ 
ed  enzyme  preparations,  isolated  from  beef  brain  and  axons  of  the  walk¬ 
ing  legs  of  the  cold  water  crab  Caneer  magister.  For  both  enzyme 
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DOC/protem  (w/w) 


Fig.  1.  Comparison  of  the  effect  of  deoxycholate  on  (Na+  +  K+)-ATPase 
from  beef  brain  and  crab  nerve.  Membrane  fractions  enriched 
in  (Na+  +  K+)-ATPase  were  treated  with  varying  concentrations 
of  deoxycholate  at  30°C  for  30  min.  The  treated  membranes 
were  recovered  by  centrifugation,  washed  and  assayed  for  act¬ 
ivity  as  described  in  Materials  and  Methods.  (O)  beef  brain; 
(•)  crab  nerve.  The  points  represent  Mean  ±  SEM  of  3  deter¬ 


minations  . 
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Fig.  2.  Dose-response  curve  of  ouabain  inhibition  of  DOC  extracted 
(Na+  +  K+)-ATPase  from  beef  brain.  Enzyme  preparations  were 
treated  with  0.1%  deoxycholate  for  30  min.  as  described  in 
Materials  and  Methods.  Enzyme  activity  was  determined  at  37°C 
in  the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM  Na+  plus  vari¬ 
able  concentrations  of  ouabain  as  indicated.  100%  inhibition 
of  (Na+  +  K+)-ATPase  occurred  when  the  ouabain  inhibited  en¬ 
zyme  activity  was  similar  to  that  of  basal  activity  which  was 
observed  in  the  absence  of  80  mM  Na+.  The  points  represent 
Mean  ±  SEM  of  4  determinations.  The  value  for  one-half  max¬ 
imal  inhibition  ( I D^q )  was  calculated  by  computer  regression 
analysis  and  is  3.06  ±  0.44  x  10’7M. 


' 


%  Inhibition  of  (Na++  K+)- ATPase  Activity 
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Fig.  3.  Dose-response  curve  of  ouabain  inhibition  of  DOC  extracted 

(Na+  +  K+)-ATPase  from  crab  nerve.  Enzyme  preparations  were 
treated  with  0.1%  deoxycholate  as  described  in  Materials  and 
Methods.  Enzyme  activity  was  determined  at  37°C  in  the  pres¬ 
ence  of  2  mM  Mg++,  20  mM  K+,  80  mM  Na+  plus  variable  concen¬ 
trations  of  ouabain  as  indicated.  100%  inhibition  of  (Na+  + 
K+)-ATPase  occurred  when  the  ouabain  inhibited  enzyme  activity 
was  similar  to  that  of  basal  activity  which  was  observed  in 
the  absence  of  Na+.  SC  indicates  saturating  concentration  of 
ouabain.  The  points  represent  Mean  ±  SEM  of  4  determinations. 

The  value  for  one-hal f  maximal  inhibition  ( I D5Q )  was  calculated 

-4 

by  computer  regression  analysis  and  is  1.51  ±  0.09  x  10  M. 


66 


preparations  dose-response  curves  to  inhibition  by  ouabain  were  con¬ 
structed  as  described  in  Materials  and  Methods.  The  results  are  shown 
in  Figures  2  and  3  respectively.  It  can  be  seen  from  these  results 
that  (Na+  +  K+)-ATPase  from  crab  nerve  had  a  markedly  reduced  sensitiv¬ 
ity  to  inhibition  by  ouabain,  in  that  the  two  ID5Q  values  differed  by 
more  than  2  log  units.  The  mean  value  for  one-half  maximal  inhibition 
of  beef  brain  (Na+  +  K+)-ATPase  was  3.06  ±  0.44  x  lCf^M.  In  contrast, 
the  mean  ID^q  value  for  (Na+  +  K+)-ATPase  from  crab  nerve  was  signif¬ 
icantly  increased  (P  <  0.01)  at  1.51  ±  0.09  x  10~^M.  These  observa¬ 
tions  are  in  agreement  with  those  reported  earlier  by  Charnock  and 
Simonson  (1977). 

B .  Polyacrylamide  Gel  Electrophoresis 

The  observations  in  Figures  2  and  3  naturally  raise  the  question, 
why  there  is  such  a  marked  difference  in  the  mean  ID^q  values  of  the 
two  microsomal  preparations  of  (Na  +  K  )-ATPase  to  inhibition  by  oua¬ 
bain.  One  simple  explanation  would  be  that  a  difference  in  the  struct¬ 
ure  of  (Na+  +  K+)-ATPase  from  crab  nerve  is  responsible  for  this  de¬ 
crease  in  sensitivity  to  inhibition  by  ouabain  (Fig.  3).  Therefore, 
the  extent  of  structural  similarity  between  (Na+  +  K+)-ATPase  isolated 
from  beef  brain  and  crab  nerve  was  studied  by  comparing  their  polypep¬ 
tide  patterns  as  shown  by  SDS-polyacrylamide  gel  electrophoresis.  From 
the  results  presented  in  Fig.  4  and  Fig.  5  it  is  clear  that  the  two  en¬ 
zyme  preparations  had  identical  polypeptide  patterns.  Both  enzyme 
preparations  contained  three  major  and  two  minor  bands.  In  addition, 
the  relative  positions  of  these  bands  in  the  gels  were  very  similar. 


:  •  j 


67 


Low  MW  - >  High  MW 


Fig.  4. 


Polyacrylamide  gel  electrophoretic  pattern  of  (Na 


+ 


+  K+)-ATPase 


isolated  from  beef  brain. 
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Fig.  5 


Low  MW - >  High  MW 


Polyacryl amide  gel  electrophoretic  pattern  of  (Na+  + 
isolated  from  crab  nerve. 


K+)-ATPase 


Also,  these  electrophoretic  patterns  are  similar  to  those  reported  by 
Uesugi  et  al.  (1971)  for  bovine  brain  (Na+  +  K+)-ATPase.  From  these  re 
suits  it  seems  likely  that  the  difference  in  ID^q  values  to  inhibition 
by  ouabain  cannot  be  readily  explained  by  a  major  structural  dissimilar 
ity  between  the  two  enzyme  proteins. 

C.  Membrane  Lipid  Composition 

Information  discussed  in  the  introduction  to  this  thesis  suggests 
that  the  lipids  of  biological  membranes  exert  a  modulating  effect  upon 
the  behaviour  of  (Na+  +  K+)-ATPase.  In  addition,  phophol i pid s  appear 
to  play  a  role  in  the  binding  of  ouabain  to  this  enzyme  system.  Thus, 
it  is  conceivable  that  a  difference  in  lipid  composition  of  the  mem¬ 
brane  is  responsible  for  the  decreased  sensitivity  of  crab  nerve  (Na+  + 
K+)-ATPase  to  inhibition  by  ouabain.  In  order  to  investigate  this 
possibility,  it  was  necessary  to  analyze  the  lipid  composition  of  mem¬ 
brane  fractions  prepared  from  both  beef  brain  and  crab  axons.  The  ex¬ 
traction  of  lipids  and  determination  of  phospholipid  and  cholesterol 
contents  were  carried  out  as  described  in  Materials  and  Methods.  Table 
2a  summarizes  the  results  of  this  experiment.  These  data  indicate 
that  lipid  extracted  from  crab  nerve  (Na+  +  K+)-ATPase  had  a  higher 
content  of  cholesterol  compared  to  the  lipid  extract  prepared  from 
(Na+  +  K+)-ATPase  isolated  from  beef  brain.  There  was  almost  a  two¬ 
fold  increase  in  the  molar  ratio  of  chol esterol /phosphol ipid  of  crab 
nerve  (Na+  +  K+)-ATPase  compared  to  enzyme  preparations  from  beef  brain 
Tabe  2b  shows  the  fatty  acid  composition  of  total  lipid  extracts  pre¬ 
pared  from  membrane  fractions  enriched  in  beef  brain  and  crab  nerve 
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TABLE  2a 

VARIATION  IN  THE  LIPID  COMPOSITION  OF  (Na+  +  K+)-ATPase  FROM  BEEF  BRAIN 

AND  CRAB  NERVE* 


mole  Z 

molar  ratio 

cholesterol 

phosphol ipid 

chol esterol 
phosphol ipid 

Beef  brain 

(Na  +  K  ) -ATPase 

42.7 

57.2 

0.75 

Crab  nerve 

(Na  +  K) -ATPase 

57.0 

43.1 

1 .32 

*  Total  lipid  extracts  from  untreated  membrane  fractions  enriched  in 
(Na+  +  K+)-ATPase  were  prepared  as  described  in  Materials  and  Methods. 
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TABLE  2b 

VARIATION  IN  THE  FATTY  ACID  COMPOSITION  OF  (Na+  +  K+)-ATPase 

FROM  BEEF  BRAIN  AND  CRAB  NERVE* 


%  Total  lipids 


Beef  brain  enzyme 

Crab  nerve  enzyme 

Saturated  fatty  acids 

14:0 

1.8 

trace 

15:0 

trace 

trace 

16:0 

21 .7 

10.4 

17:0 

0.3 

0.4 

18:0 

19.6 

11.0 

20:0 

0.2 

3.3 

22:0 

0.2 

6.0 

24:0 

1.1 

1 .5 

Total  saturates 

44.9 

32.6 

Unsaturated  fatty  acids 

14:1 

0.2 

trace 

15:1 

trace 

trace 

16:1 

1.8 

1 .5 

17:1 

0.1 

0.2 

18:1 

19.6 

15.8 

18:2  (to-6) 

0.8 

0.9 

18:3 

0.1 

0.9 

20:1 

trace 

5.2 

20:2  (u>-6) 

0.4 

1  .4 

20:3  (u>-3) 

0.5 

0.9 

20:4  (to-4) 

6.2 

3.0 

20:5  (o)-3) 

trace 

21  .2 

21:1 

1 .1 

trace 

22:1 

1.2 

trace 

22:4  ((o-6) 

3.1 

1  .6 

22:5  ((o-3) 

1 .1 

0.2 

22:6  ((o-3) 

12.7 

13.4 

24:1 

2.2 

trace 

Total  unsaturates 

51.1 

66.2 

*  This  study  was  carried  out  by  Dr.  R.  Gibson  of  the  Department  of 
Pediatrics  at  the  Flinders  University,  Bedford  Park,  South  Australia. 
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(Na+  +  K+)-ATPase.  It  can  be  seen  from  these  results  that  total  lipid 
extract  of  (Na+  +  K+)-ATPase  from  crab  nerve  contained  more  unsaturated 
fatty  acids  than  the  lipid  extract  of  beef  brain  (Na+  +  K+)-ATPase. 

The  total  lipid  extract  of  beef  brain  enzyme  contained  about  51.1%  un¬ 
saturates  whereas  in  crab  nerve  enzyme  this  value  had  increased  by  15% 
to  66.2%.  In  addition  these  results  show  that  crab  nerve  (Na+  +  K+)- 
ATPase  contained  fatty  acids  with  longer  chain  lengths,  compared  to 
the  lipids  from  beef  brain  enzyme.  For  example,  it  can  be  seen  that 
saturated,  22:0  contributed  only  0.2%  to  the  total  lipids  of  beef  brain 
(Na+  +  K+)-ATPase.  In  contrast,  6%  of  the  total  lipids  of  (Na+  +  K+)- 
ATPase  from  crab  nerve  was  22:0.  Among  the  unsaturates  a  dramatic  dif¬ 
ference  was  seen  in  the  content  of  polyunsaturate,  20:5  (co-3),  between 
the  two  enzymes.  The  beef  brain  enzyme  contained  only  trace  amounts  of 
20:5  ( ai-3 )  while  21.2%  of  total  lipids  of  crab  nerve  (Na+  +  K+)-ATPase 
were  enriched  in  this  polyunsaturated  fatty  acid. 

D.  Incorporation  of  (Na+  +  K+)-ATPase  into  Liposomes 

From  the  results  given  in  Tables  2a  and  2b  it  can  be  seen  that 
there  is  a  significant  difference  in  the  lipid  composition  between  the 
two  enzyme  preparations  isolated  from  beef  brain  and  crab  nerve  respect¬ 
ively.  Thus,  it  seems  possible  that  this  difference  in  lipid  composi¬ 
tion  of  the  membrane  may  account  for  the  decreased  sensitivity  of  crab 
nerve  (Na+  +  K+)-ATPase  to  inhibition  by  ouabain.  However,  in  order  to 
correlate  this  finding  with  the  decreased  ouabain  sensitivity  of  crab 
nerve  enzyme  preparation,  the  (Na+  +  K+)-ATPase  of  the  crab  has  to  be 
introduced  into  a  bilayer  composed  of  lipid  extracted  from  beef  brain 
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enzyme,  followed  by  the  construction  of  a  dose-response  curve  to  oua¬ 
bain  inhibition  of  the  reconstituted  enzyme.  The  reconstitution  of  a 
beef  enzyme  system  in  lipids  extracted  from  the  crab  constitutes  a 
"cross-over"  study.  Therefore,  enzyme  protein  was  introduced  into  a 
"foreign"  lipid  environment  by  reconstitution  of  (Na  +  K  )-ATPase  pro¬ 
tein  into  liposomes  of  controlled  lipid  composition. 

(1)  Effect  of  Sonication 

Currently,  there  are  a  number  of  different  experimental  procedures 
available  by  which  proteins  can  be  incorporated  into  lipid  vesicles 
(liposomes).  Preferably,  the  ideal  method  for  reconstitution  should 
allow  the  incorporation  of  protein  into  unilamellar  vesicles  without 
considerable  loss  of  enzyme  activity  or  other  damage  to  the  molecular 
structure  of  the  enzyme.  It  has  been  reported  that  the  reconstitution 
of  certain  membrane  proteins  into  lipid  vesicles  can  be  achieved  by  the 
so-called  "sonication  method"  (Racker  et  al .,  1975;  Racker,  1977;  Hall 
and  Brodbeck,  1978).  Therefore,  in  a  preliminary  experiment,  the  feas- 
ibility  of  this  method  for  the  reconstitution  of  (Na  +  K  )-ATPase  into 
liposomes  was  investigated.  The  results  are  summarized  in  Fig.  6, 
which  shows  the  %  (Na+  +  K+)-ATPase  activity  which  remained  in  the 
preparations  after  sonication  for  varying  periods  of  time.  It  is  clear 
that  sonication  of  (Na+  +  K+)-ATPase  resulted  in  almost  complete  loss 
of  ATPase  activity.  After  10  min.  of  sonication  only  27%  of  the  ini¬ 
tial  ATPase  activity  was  present.  After  30  min.  the  activity  was  fur¬ 
ther  decreased  by  10%  and  at  60  min.  only  10%  of  the  initial  (Na+  +  K+)- 
ATPase  activity  was  present.  The  protection  of  the  active  site  of 
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Fig.  6.  Effect  of  soni cation  on  (Na+  +  K+)-ATPase  activity.  An  enzyme 
preparation  from  beef  brain  was  diluted  to  a  final  concentra¬ 
tion  of  1.5  mg/ml  with  20  mM  Tris  -  1  mM  EDTA,  pH  7.6  and  son¬ 
icated  in  a  bath  type  sonicator.  (o)  enzyme;  (•)  enzyme  + 

5  mM  ATP.  The  points  represent  Mean  ±  SEM  of  3  determinations. 
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ATPase  protein  with  its  substrate  (ATP)  appeared  to  produce  complete 
protection  from  loss  of  activity  for  10-15  min.  However,  as  the  soni- 
cation  time  increased,  there  was  a  gradual  loss  of  enzyme  activity.  A 
60%  loss  of  activity  was  seen  after  sonication  for  30  min.  At  60  min. 
only  22%  of  the  initial  (Na  +  K  ) -ATPase  activity  was  observed.  How¬ 
ever,  incorporation  of  enzyme  proteins  into  liposomes  by  the  "sonica¬ 
tion  method"  ususally  requires  more  than  60  min.  of  sonication  time. 
Thus,  it  is  clear  that  this  particular  method  cannot  be  employed  to 
accomplish  the  reconstitution  of  (Na+  +  K+)-ATPase  into  liposomes  with¬ 
out  disrupting  its  molecular  structure.  Therefore,  some  other  method 
of  reconstitution  was  required  for  the  incorporation  of  (Na  +  K  )- 
ATPase,  in  an  active  form,  into  the  lipid  bilayer  structure  of  lipo- 
somes.  With  this  goal  in  mind,  the  incorporation  of  (Na  +  K  )-ATPase 
into  liposomes  by  a  "detergent  depletion  method"  was  investigated. 
Because  of  the  lengthy  time  required  for  published  dialysis  procedures, 
a  much  faster  gel  filtration  procedure  was  examined. 

(2)  Incorporation  by  Detergent  Depletion 

The  experiments  were  carried  out  as  described  in  Materials  and 
Methods.  In  brief,  egg  phosphatidylcholine  was  dissolved  in  1%  solu¬ 
tion  of  deoxycholate .  In  order  to  follow  the  separation  of  deoxychol - 
ate  by  gel  filtration,  a  small  aliquot  of  [^C]-labelled  deoxycholate 
was  added  to  this  lipid/detergent  mixture.  A  sample  of  beef  brain 
(Na+  +  K+) -ATPase  was  labelled  with  [3H]-ouabain  and  added  to  the 
[14C]-D0C/1 ipid  mixture  and  vortexed  thoroughly.  This  mixture,  which 
contained  egg  phosphatidylcholine,  [^4C]-D0C  and  (Na  +  K  )-ATPase 
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labelled  with  [  H]-ouabain  was  then  passed  through  a  column  of  Sephadex 
G-50.  The  results  are  shown  in  Fig.  7  where  it  can  be  seen  that  both 
liposomes  (indicated  by  the  presence  of  inorganic  phosphate)  and  enzyme 
protein  showed  similar  elution  profiles  in  that  both  were  co-eluted  at 
the  void  volume  (fractions  14-19)  of  the  Sephadex  G-50  column.  In  con- 

o 

trast,  [  H]-ouabain  showed  two  separate  peaks,  one  of  which  overlapped 

with  enzyme  protein  and  liposomes  (fractions  14-19).  The  second  peak 

was  much  larger  in  size  and  was  found  between  fractions  26-52.  On  the 
14 

other  hand,  [  CJ-deoxycholate  showed  only  one  peak  which  was  eluted  at 
a  later  stage  (fractions  31-52)  from  the  column.  It  is  clear  that  the 
void  volume  (fractions  14-19)  did  not  contain  any  [^C]-deoxycholate. 

The  material  eluted  at  the  void  volume  (fractions  14-19)  of  the  Sepha¬ 
dex  G-50  column  was  concentrated  by  centrifugation  and  further  fraction¬ 
ated  on  a  Sepharose  4B-CL  column,  in  order  to  separate  the  liposome  in¬ 
corporated  (free)  enzyme  protein.  This  procedure  resulted  in  the 
elution  profiles  shown  in  Fig.  8.  It  is  clear  from  these  results  that 
the  liposomes  showed  a  somewhat  broad  distribution  in  that  all  frac¬ 
tions  12-24  showed  the  presence  of  P. .  However,  it  can  be  seen  that 
these  fractions  consisted  of  two  peaks.  A  larger  sharp  peak  can  be 
seen  between  fractions  13-17  and  this  was  immediately  followed  by  a 
smaller  peak  which  was  eluted  between  fractions  18-24.  It  is  also 
clear  that  both  [  H]-ouabain  and  enzyme  protein  had  quite  similar  elu¬ 
tion  profiles.  However,  in  contrast  to  liposomes  they  both  showed  two 
completely  separated  peaks.  The  first  peak  appeared  to  overlap  with 
the  elution  pattern  of  liposomes  and  indicated  a  broad  distribution 
(fractions  12-24).  The  second  peak  was  eluted  at  a  later  stage  from 
the  column  (fractions  32-40)  and  was  completely  separated  from  the 
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Fig.  7.  Incorporation  of  (Na  +  K  )-ATPase  into  liposomes  by  detergent 
depletion  using  gel  filtration.  Removal  of  deoxycholate  by 
Sephadex  G-50  chromatography.  The  liposomes  containing 
(Na+  +  K+)-ATPase  were  prepared  as  described  in  Materials  and 
Methods.  Tritiated  ouabain  labelled  beef  brain  (Na+  +  K+)- 
ATPase  was  added  to  egg  phosphatidylcholine  which  was  dissolved 
in  1%  deoxycholate.  The  detergent/lipid/enzyme  mixture  was 
applied  onto  a  column  of  Sephadex  G-50  and  eluted  with  buffer 
which  contained  100  mM  KC1  -  20  mM  Tris  -  1  mM  EDTA  -  0.02% 
NaNp  pH  7.6.  (O)  deoxycholate;  (•)  ouabain;  (±)  inorgan¬ 

ic  phosphate;  (□)  protein. 
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Fig.  8.  Incorporation  of  (Na+  +  K+)-ATPase  into  liposomes  by  detergent 
depletion  using  gel  filtration.  Rechromatography  of  the  void 
volume  of  the  Sephadex  G-50  column  (fractions  14-19,  Fig.  7)  on 
a  column  of  Sepharose  4B-CL.  The  experiment  was  performed  as 
described  in  Materials  and  Methods.  The  material  eluted  in 
fractions  14-19  (Fig.  7)  from  Sephadex  G-50  column  was  pooled 
and  concentrated  by  centrifugation  at  161  ,000  x  gm^w  for  60 
min.  The  pellet  was  taken  up  in  20  mM  Tris  -  1  mM  EDTA,  pH 
7.6  and  passed  through  a  column  of  Sepharose  4B-CL  which  had 
been  pre-equil ibrated  with  100  mM  KC1  -  20  mM  Tris  -  1  mM  EDTA 
-  0.02%  NaN^,  pH  7.6.  (•)  ouabain;  (a)  inorganic  phosphate 

(p-j);  (D)  protein.  None  of  the  fractions  contained  deoxy- 

cholate.  Thus,  for  clarity,  the  symbol  representing  deoxy- 
cholate  has  been  omitted. 
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Fig.  9.  Incorporation  of  (Na+  +  K+)-ATPase  into  liposomes  by  detergent 
depletion  using  gel  filtration.  Sucrose  density  gradient 
analysis  of  ATPase-1 iposomes  eluted  at  the  void  volume  of 
Sepharose  4B-CL  column  (fractions  13-17,  Fig.  8).  A  10  ml 
sample  of  linear  sucrose  gradient  (15-40%)  was  made  by  using  a 
Chrismac®  gradient  forming  device.  The  sample  (200-500  yl ) 
was  layered  on  top  of  the  gradient  and  centrifuged  at  208,000 
x  f°r  6  hrs  in  a  swing-out  rotor  (Beckman  SW  41)  using  a 
Beckman  L3-40  ultracentrifuge.  After  centrifugation  twenty, 

0.5  ml  fractions  were  withdrawn  from  the  gradient.  ( — ) 
sucrose;  (O)  turbidity  -  A33Q;  (•)  ouabain;  (a)  inorganic 

phosphate  (P. );  (□)  protein. 
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first  peak.  As  mentioned  in  the  legend  to  Fig.  8,  none  of  these  protein 
fractions  contained  [^C]-deoxycholate.  It  should  be  noted  that  even 
co-elution  of  lipid  and  protein  could  not  by  itself  be  taken  as  evidence 
for  protein-lipid  interaction.  Therefore,  in  order  to  establish  that 
the  incorporation  of  ATPase  protein  into  liposomes  had  occurred,  rather 
than  a  simple  collection  of  aggregated  free  enzyme  and  lipids,  the 
ATPase-1 iposomes  eluted  from  the  Sepharose  4B-CL  column,  at  the  void 
volume  (fractions  13-17,  Fig.  8)  were  further  fractionated  by  centrifu¬ 
gation  on  a  linear  density  gradient  of  sucrose.  The  results  are  summar¬ 
ized  in  Fig.  9.  From  this  experiment  it  is  clear  that  inorganic  phos- 
phate  (P.j),  the  increase  in  turbidity  at  330  nm,  [  H]-ouabain  and  enzyme 
protein  were  all  present  only  on  the  top  of  the  gradient  and  that  none 
of  these  markers  were  located  below  fraction  #16  with  the  majority  locat¬ 
ed  between  fractions  18-20. 

Figures  10,  11  and  12  summarize  the  results  of  the  essential  con¬ 
trol  experiments  which  were  performed  in  the  absence  of  exogenous  lipid. 
Firstly,  in  these  experiments  a  mixture  of  enzyme  and  detergent  was  gel- 
filtered  on  Sephadex  G-50  and  the  eluted  fractions  examined.  The  results 
are  shown  in  Fig.  10,  where  it  can  be  seen  that  elution  profiles  of  en- 
zyme  protein,  [  H]-ouabain,  inorganic  phosphate  and  [  C]-deoxychol ate 
were  quite  similar  to  those  observed  in  the  "test"  experiment  described 
in  Fig.  7.  The  (Na+  +  K+)-ATPase  protein  was  eluted  at  the  void  volume 
(fractions  13-18).  In  addition,  P.  was  also  present  in  the  void  volume. 
However,  it  should  be  noted  that  since  the  (Na+  +  K+)-ATPase  was  eluted 
on  Sephadex  G-50  in  the  absence  of  exogenous  lipid,  the  total  amount 
of  P.|  eluted  in  the  void  volume  (fractions  13-18,  Fig.  10)  was  much  less 


13  n  I  ■  |  ,  '  j"'  '  i'""  ***»  *°l 


83 


than  that  observed  in  the  "test"  experiment  (compare  fractions  14-19, 

Fig.  7).  The  elution  patterns  of  [^H]-ouabain  and  [^C]-deoxycholate 

o 

were  almost  identical  to  those  seen  in  Fig.  7.  [  H]-0uabain  showed  an 

elution  profile  which  consisted  of  two  separate  peaks.  A  relatively 
small  peak  was  observed  between  fractions  13-18  which  was  co-el uted  with 
ATPase  protein  and  P. .  The  much  larger  second  peak  was  observed  between 
fractions  23-54.  In  contrast,  deoxycholate  was  eluted  as  a  single  peak 
between  fractions  29-54.  It  is  also  clear  that  the  void  volume  (frac¬ 
tions  13-18)  contained  no  [^C] -deoxycholate .  The  material  eluted  at 
the  void  volume  was  concentrated  by  centrifugation  and  further  fraction¬ 
ated  on  a  column  of  Sepharose  4B-CL  (Fig.  11).  From  these  experiments 
it  can  be  seen  that  both  (Na  +  K  ) -ATPase  protein  and  [  H] -ouabain  had 
quite  similar  elution  patterns.  Both  were  co-eluted  at  the  void  volume 
(fractions  12-17)  and  also  showed  retarded  peaks  which  overlapped  (frac¬ 
tions  31-37).  On  the  other  hand,  P.  was  present  only  in  fractions  12-17. 
The  ATPase  protein  eluted  from  Sepharose  4B-C1  column  at  the  void  volume 
(fractions  12-17,  Fig.  11)  was  then  subjected  to  density  gradient  centri¬ 
fugation  in  sucrose  (Fig.  12).  It  is  clear  that  both  ATPase  protein  and 
[  H] -ouabain  had  travelled  deeper  into  the  gradient  compared  to  the 
"test"  experiment  described  in  Fig.  9.  Thus,  in  contrast  to  the  results 
given  in  Fig.  9,  fractions  9-20  indicated  the  presence  of  both  enzyme 
protein  and  ouabain.  In  addition,  a  relatively  small  amount  of  P^  and 
an  increase  in  turbidity  were  both  found  on  the  top  of  the  gradient 
(fractions  19-20).  Therefore,  it  is  evident  that  these  results  are 
quite  different  to  those  observed  in  the  "test"  experiment  (Fig.  9) 
where  enzyme-protein ,  ouabain,  P.  and  an  increase  in  turbidity  all 
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Fig.  10.  Incorporation  of  (Na+  +  K+)-ATPase  into  liposomes  by  detergent 
depletion  using  gel  filtration  (control  experiment).  Removal 
of  deoxycholate  by  Sephadex  G-50  chromatography.  The  experi¬ 
ment  was  carried  out  as  described  in  Materials  and  Methods. 
Tritiated  ouabain  labelled  beef  brain  (Na+  +  K+)-ATPase  was 
added  to  a  solution  of  1%  deoxycholate.  The  detergent/enzyme 
mixture  was  then  gel  filtered  on  a  column  of  Sephadex  G-50. 
(O)  deoxycholate;  (•)  ouabain;  (A)  inorganic  phosphate; 
(□)  protein. 


Fig.  11.  Incorporation  of  (Na+  +  K+)-ATPase  into  liposomes  by  detergent 
depletion  using  gel  filtration  (control  experiment).  Rechrom¬ 
atography  of  the  void  volume  of  the  Sephadex  G-50  column 
(fractions  13-18,  Fig.  10)  on  a  column  of  Sepharose  4B-CL. 

The  experiment  was  performed  as  described  in  Materials  and 
Methods.  The  material  eluted  in  fractions  13-18  (Fig.  10) 
from  Sephadex  G-50  column  was  pooled  and  concentrated  by  cen¬ 
trifugation  at  161,000  x  gmax  for  60  min.  The  pellet  was 
taken  up  in  20  mM  Tris  -  1  mM  EDTA,  pH  7.6  and  passed  through 
a  column  of  Sepharose  4B-CL  which  had  been  pre-equil i brated 
with  100  mM  KC1  -  20  mM  Tris  -  1  mM  EDTA  -  0.02%  NaN3 ,  pH  7.6. 
(•)  ouabain;  (a)  inorganic  phosphate  (P. );  (□)  protein. 

None  of  the  fractions  contained  deoxychol ate .  Thus,  for  clar¬ 
ity,  the  symbol  representing  deoxychol ate  has  been  omitted. 
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FRACTION  NO. 


Protein  mg/fraction 


Fig.  12.  Incorporation  of  (Na  +  +  K+)-ATPase  into  liposomes  by  detergent 
depletion  using  gel  filtration  (control  experiment).  Sucrose 
density  gradient  analysis  of  the  material  eluted  at  the  void 
volume  of  Sepharose  4B-CL  column  (fractions  12-17,  Fig.  11). 

A  10  ml  sample  of  linear  sucrose  gradient  (15-40%)  was  made  by 
using  a  Chrismac®  gradient  forming  device.  The  sample  (200- 
500  yl )  was  layered  on  top  of  the  gradient  and  centrifuged  at 
208,000  x  g  for  6  hrs  in  a  swing-out  rotor  (Beckman  SW  41) 
using  a  Beckman  L3-40  ultracentrifuge.  After  centrifugation 
twenty  0.5  ml  fractions  were  withdrawn  from  the  gradient. 

( — )  sucrose;  (o)  turbidity  A33Q;  (•)  ouabain;  (*) 

inorganic  phosphate;  (□)  protein. 


10  C°HD  d pm/ fraction 
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appeared  only  on  the  top  of  the  gradient. 

Thus  the  results  of  the  control  experiments  given  in  Fig.  8  and 
Fig.  9  indicate  that  incorporation  of  (Na+  +  K+)-ATPase  into  liposomes 
can  be  achieved  successfully  by  detergent  depletion  using  the  gel  filtra¬ 
tion  procedure.  The  effect  of  this  technique  on  the  specific  activity 
of  (Na+  +  K+)-ATPase  was  therefore  investigated.  The  specific  activity 
of  beef  brain  (Na+  +  K+)-ATPase  at  various  stages  during  reconstitution 
into  egg  phosphatidylcholine  liposomes  is  shown  in  Table  3.  It  is  clear 
that  reconstituted  enzyme  (i.e.  4B-void  volume)  retained  about  86%  of 
the  initial  total  ATPase  activity.  The  specific  activity  of  Mg++-ATPase 
had  decreased  from  14.1  (native  enzyme)  to  6.9  (reconstituted  enzyme) 
ymol  ATP  hydrolyzed/mg  protein/hr.  which  represented  a  51%  loss  of  en¬ 
zyme  activity.  On  the  other  hand  reconstituted  preparation  regained  91% 
of  the  initial  ouabain  inhibitable  ATPase  [i.e.  (Na+  +  K+)-ATPase]  act¬ 
ivity.  It  is  also  apparent  that  the  %  ATPase  sensitive  to  inhibition  by 
ouabain  had  increased  somewhat  from  87%  (native  enzyme)  to  93%  (reconsti¬ 
tuted  enzyme). 

+  -j- 

In  contrast  to  the  (Na  +  K  )-ATPase  reconstituted  into  liposomes 
(Table  3),  the  final  material  obtained  from  the  control  experiment  (i.e. 
in  the  absence  of  exogenous  lipid)  was  devoid  of  (Na+  +  K+) -ATPase  act¬ 
ivity.  The  results  of  this  experiment  are  summarized  in  Table  4  where 
it  can  be  seen  that  the  reconstituted  preparation  retained  only  6%  of 
the  initial  total  ATPase  activity.  However,  as  seen  in  the  "test"  ex¬ 
periment  (Table  3)  there  was  a  significant  loss  (about  68%)  of  Mg++- 
ATPase  activity.  Similarly,  ouabain  inhibitable  ATPase  activity  had  de¬ 
creased  from  92.9  to  3.1  ymol  ATP  hydrolyzed/mg  protein/hr  which 
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Results  are  based  on  five  separate  experiments  which  were  performed  at  4°C.  Values  given  are  Mean  ±  SEM. 
ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 

Ouabain  inhibitable  ATPase. 

Enzyme/lipid/detergent  mixture,  before  gel  filtration  on  Sephadex  6-50. 


TABLE  4 

INCORPORATION  OF  (Na  +  K  )-ATPase  INTO  PHOSPHATIDYLCHOLINE  LIPOSOMES  BY  COLUMN  CHROMATOGRAPHY  TECHNIQUE: 

(CONTROL  EXPERIMENT):  EFFECT  ON  SPECIFIC  ACTIVITY* 
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represented  about  a  97%  loss  of  enzyme  activity.  In  addition,  the  % 
ATPase  sensitive  to  ouabain  inhibition  had  decreased  from  89%  to  47%. 

The  morphological  integrity  of  the  deoxycholate  extracted  (Na+  + 
K+)-ATPase  before  and  after  reconstitution  into  liposomes  was  studied  by 
electron  microscopy.  Fig.  13  shows  an  electron  micrograph  of  beef  brain 
(Na+  +  K+)-ATPase  that  had  been  treated  with  deoxycholate.  The  same  en¬ 
zyme  preparation  was  reconstituted  into  egg  lecithin  liposomes  by  the 
gel -fil  tration  technique  and  an  electron  micrograph  of  the  final  mater¬ 
ial  is  shown  in  Fig.  14.  From  the  results  of  Fig.  13  it  is  clear  that 
the  native  enzyme  preparation  had  a  vesicular  appearance;  the  vesicles 
appeared  to  range  from  500-1000  nm  in  diameter.  In  addition,  the  native 
enzyme  preparation  showed  several  multilamellar  aggregates  and  fragment¬ 
ed  membranes.  In  contrast,  average  size  of  the  unilamellar  vesicles 
seen  in  the  reconstituted  preparation  (Fig.  14)  was  one  order  of  magni¬ 
tude  lower  than  those  of  the  native  enzyme  preparation  (Fig.  13).  Thus, 
it  is  clear  that  while  the  reconstituted  preparations  of  (Na+  +  K+)- 
ATPase  had  a  primarily  unilamellar  structure,  these  vesicles  were  hetero¬ 
geneous  in  size  as  they  ranged  from  50-100  nm  in  diameter. 

E.  Effect  of  Ouabain  on  Reconstituted  Enzyme  Preparations 
(1)  Beef  Brain  (Na+  +  K+) -ATPase 

The  results  presented  so  far  indicate  that  (Na+  +  K+) -ATPase  can 
be  reconstituted  into  phosphatidylcholine  vesicles  by  a  gel  filtration 
technique  with  almost  complete  restoration  of  enzyme  activity.  However, 
these  results  do  not  indicate  directly  whether  or  not  reconstituted  en¬ 
zyme  preparations  have  retained  the  cardiac  glycoside  receptor  character- 
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Fig.  13.  Electron  micrograph  of  deoxycholate  treated  beef  brain 
(Na+  +  K+)-ATPase.  A  microsomal  fraction  enriched  in 
(Na+  +  K+)-ATPase  was  prepared  from  cerebral  cortex  of  beef 
and  treated  with  0.1%  deoxycholate  as  described  in  Materials 
and  Methods.  Enzyme  preparation  was  negatively  stained  with 
VI  phosphotungstate  and  observed  in  a  JEM-7A  electron  micro¬ 
scope.  The  bar  indicates  1000  nm.  The  enzyme  preparation 
contains  membrane  fragments,  vesiculated  membrane  fragments 
and  multi-lamellar  aggregates.  The  vesiculated  membrane  frag¬ 
ments  appear  to  range  between  500-1000  nm  in  diameter. 
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Fig.  14.  Electron  micrograph  of  beef  brain  (Na+  +  K+)-ATPase  reconsti¬ 
tuted  into  egg-phosphatidylcholine  liposomes.  The  liposomes 
containing  (Na+  +  K+)-ATPase  were  prepared  by  detergent  deple¬ 
tion  using  gel  filtration  technique,  as  described  in  Materials 
and  Methods.  Reconstituted  enzyme  preparation  was  negatively 
stained  with  1%  phosphotungstate  and  observed  in  a  JEM-7A 
electron  microscope.  The  bar  indicates  100  nm.  Reconstituted 
preparation  exhibits  a  structure  of  unilamellar  vesicles, 
ranging  between  50-100  nm  in  diameter.  These  vesicles  are  one 
order  of  magnitude  smaller  than  those  seen  in  native  enzyme 
preparation  (Fig.  13) . 
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i sties  of  the  native  enzyme.  Thus,  the  effect  of  this  method  of  recon¬ 
stitution  on  the  ouabain  receptor  properties  of  (Na+  +  K+)-ATPase  was 
investigated.  In  the  first  experiments  the  (Na+  +  K+) -ATPase  from  beef 
brain  was  reconstituted  into  liposomes  prepared  from  a  total  lipid  ex- 
tract  of  beef  brain  enzyme  and  the  effect  of  this  procedure  on  the  spec¬ 
ific  activity  of  (Na+  +  K+)-ATPase  is  shown  in  Table  5.  It  is  clear 
from  these  results  that  the  reconstituted  preparation  retained  about  65% 
of  the  initial  total  ATPase  activity.  Similarly,  there  was  about  a  35% 
loss  of  (Na  +  K  ) -ATPase  when  enzyme  from  beef  brain  was  reintroduced 
into  a  lipid  bilayer  composed  of  lipid  extracted  from  beef  brain  (Na+  + 
K+) -ATPase.  In  addition,  the  Mg++-ATPase  activity  of  the  preparation 
had  decreased  from  13.0  (native  enzyme)  to  6.7  (reconstituted  enzyme) 
ymol  ATP  hydrolyzed/mg  protein/hr.  This  decrease  in  activity  represent¬ 
ed  about  a  50%  loss  of  the  initial  activity.  The  cardiac  glycoside  re¬ 
ceptor  characteristics  of  reconstituted  enzyme  preparations  were  studied 
by  constructing  dose-response  curves  to  inhibition  by  ouabain.  The  con¬ 
struction  of  the  mean  dose-response  curve  and  the  calculation  of  the 
mean  ID^q  value  for  ouabain  was  carried  out  as  described  in  Materials 
and  Methods.  Fig.  15  shows  the  mean  dose-response  curve  to  inhibition 
by  ouabain  of  beef  brain  (Na+  +  K+)-ATPase  reconstituted  into  beef  lipid 
liposomes.  Here,  the  %  inhibition  of  (Na+  +  K+)-ATPase  activity  was 
plotted  against  the  log  concentration  of  ouabain.  The  mean  ID^q  value 
(4.05  ±  0.37  x  10’7M)  to  inhibition  by  ouabain  of  this  reconstituted 
system  did  not  differ  significantly  from  the  mean  ID^q  value  obtained 
with  the  native  enzyme  (3.06  ±  0.44  x  10'7M;  Fig.  2).  A  similar  observ- 
ation  has  been  made  when  endogenous  lipids  of  (Na  +  K  ) -ATPase  isolated 
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ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
Ouabain  inhibi table  ATPase. 


%  Inhibition  of  (Na++  K+)-ATPase  Activity 
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Fig.  15.  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  beef  brain  reconstituted  into  beef  lipid  liposomes. 

Enzyme  activity  was  determined  at  37°C  in  the  presence  of  2  mM 
Mg++,  20  mM  K+,  80  mM  Na+  plus  variable  concentrations  of  oua¬ 
bain  as  indicated.  100%  inhibition  of  (Na+  +  K+)-ATPase  occur¬ 
red  when  the  ouabain  inhibited  enzyme  activity  was  similar  to 
that  basal  activity  which  was  observed  in  the  absence  of  80  mM 
Na+.  The  points  represent  Mean  ±  SEM  of  5  determinations. 

The  value  for  one-half  maximal  inhibition  ( I D^q )  was  calculated 
by  computer  regression  analysis  and  is  4.05  ±  0.37  x  10  7M. 
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from  beef  brain  were  serially  substituted  with  lipids  extracted  from 
beef  brain  enzyme.  The  preparation  of  serially  substituted  enzyme  was 
carried  out  as  described  in  Materials  and  Methods.  In  brief,  beef  brain 
(Na+  +  K+)-ATPase  was  added  to  a  beef  lipid/detergent  mixture.  The  re¬ 
sultant  mixture  was  then  gel  filtered  on  Sephadex  G-50.  The  ATPase- 
liposomes  eluted  in  the  void  volume  were  concentrated  by  centrifugation 
and  reintroduced  to  a  beef  lipid/detergent  mixture  for  the  second  time. 
The  resultant  mixture  was  gel  filtered  on  Sephadex  G-50  and  the  ATPase- 
liposomes  eluted  in  the  void  volume  were  then  exposed  to  a  beef  lipid/ 
detergent  mixture  for  the  third  time.  The  resultant  enzyme/lipid/deter¬ 
gent  mixture  was  gel  filtered  on  Sephadex  G-50  and  the  material  eluted 
in  the  void  volume  was  further  fractionated  on  a  column  of  Sepharose 
4B-CL.  The  ATPase-1 iposomes  eluted  in  the  void  volume  from  this  column 
were  then  concentrated  by  centrifugation  and  assayed  for  activity  as  be¬ 
fore.  The  mean  dose-response  curve  to  ouabain  inhibition  of  this  ser¬ 
ially  substituted  enzyme  preparation  is  shown  in  Fig.  16.  It  is  clear 
that  there  was  no  significant  difference  between  the  mean  ID^g  values  of 
native  enzyme  (3.06  ±  0.44  x  10"7M;  Fig.  2)  and  serially  substituted 
enzyme  (2.65  ±  0.05  x  10"7M;  Fig.  16).  However,  the  repeated  exposures 
to  detergent/lipid  mixtures  appeared  to  affect  the  specific  activity  of 
the  serially  substituted  enzyme,  in  that  the  final  preparation  retained 
only  26%  of  the  initial  ouabain  sensitive  ATPase  activity  (Table  6). 
These  results  obtained  from  ouabain  dose-response  curves,  indicated  that 
while  there  is  a  loss  of  specific  activity,  the  reconstituted  enzyme  re¬ 
tained  its  native  cardiac  glycoside  receptor  characteristics  and  the  ex¬ 
perimental  procedure  had  no  effect  on  the  interaction  of  ouabain  with 
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Results  are  based  on  four  separate  experiments.  Values  given  are  Mean  ±  SEM. 
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Fig.  16.  Serial  substitution  of  endogenous  lipids  of  beef  brain 

(Na+  +  K+)-ATPase  with  beef  lipid  liposomes:  Dose-response 
curve  to  inhibition  by  ouabain.  Enzyme  activity  was  deter¬ 
mined  at  37°C  in  the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM 
Na+  plus  variable  concentrations  of  ouabain  as  indicated. 

100%  inhibition  of  (Na+  +  K+) -ATPase  occurred  when  the  ouabain 
inhibited  enzyme  activity  was  similar  to  that  basal  activity 
which  was  observed  in  the  absence  of  80  mM  Na+.  The  points 
represent  Mean  ±  SEM  of  3  determinations.  The  value  for  one- 
half  maximal  inhibition  ( I Q)  was  calculated  by  computer  re¬ 
gression  analysis  and  is  2.65  ±  0.05  x  10“^M. 
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the  reconstituted  enzyme  system.  The  effect  of  phosphatidylcholine  (egg) 
on  the  interaction  of  ouabain  with  beef  brain  (Na+  +  K+)-ATPase  was  also 
studied.  Table  7  and  Fig.  17  summarize  the  results  obtained  with  an  en¬ 
zyme  preparation  from  beef  brain  that  had  been  reconstituted  into  egg 
lecithin  liposomes.  It  is  clear  from  these  results  that  mean  ID^q  value 
(5.06  ±  0.24  x  10“^M)  of  (Na+  +  K+)-ATPase  reconstituted  into  phosphati¬ 
dyl  liposomes  did  not  differ  significantly  from  that  obtained  with  the 
control  preparation  (4.05  ±  0.37  x  10"^M;  Fig.  15).  From  the  results 
shown  in  Table  7,  it  can  be  seen  that  reconstituted  preparations  retain¬ 
ed  about  73%  of  the  initial  total  ATPase  activity.  The  Mg++-ATPase  in¬ 
dicated  a  60%  loss  of  activity  and  the  (Na+  +  K+)-ATPase  was  decreased 
from  112.9  (native  enzyme)  to  87.4  (reconstituted  enzyme),  ymol  ATP 
hydrolyzed/mg  protein/hr,  which  represented  only  a  23%  loss  of  enzyme 
activity. 

For  the  reasons  discussed  in  the  Rationale  of  this  thesis,  it  was 
necessary  to  substitute  the  endogenous  lipids  of  beef  brain  (Na+  +  K+)- 
ATPase  with  lipids  extracted  from  crab  nerve  (Na+  +  K+)-ATPase  and  vice 
versa.  Thus,  (Na+  +  K+)-ATPase  from  beef  brain  was  reincorporated  into 
liposomes  prepared  from  the  lipid  extracted  from  a  microsomal  fraction 
enriched  in  crab  nerve  (Na+  +  K+) -ATPase.  The  specific  activity  and 
mean  dose-response  curve  to  inhibition  by  ouabain  of  this  "cross-over" 
reconstituted  preparation  are  shown  in  Table  8  and  Fig.  18  respectively. 
The  data  given  in  Table  8  demonstrate  that  reconstituted  preparations 
retain  only  35%  of  the  initial  total  ATPase  activity.  The  loss  of  Mg++- 
ATPase  activity  was  pronounced,  as  the  reconstituted  enzyme  had  only  20% 
of  the  initial  Mg++-ATPase  activity.  In  contrast,  36%  of  the  initial 
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Results  are  based  on  three  separate  experiments.  Values  given  are  Mean  ±  SEM. 
umol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
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Fig.  17.  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 

from  beef  brain,  reconstituted  into  egg  phosphatidylcholine 

liposomes.  Enzyme  activity  was  determined  at  37°C  in  the  pre- 

++  +  + 

sence  of  2  mM  Mg  ,  20  mM  K  ,  80  mM  Na  plus  variable  concen¬ 
trations  of  ouabain  as  indicated.  100%  inhibition  of 
(Na+  +  K+)-ATPase  occurred  when  the  ouabain  inhibited  enzyme 
activity  was  similar  to  that  basal  activity  which  was  observed 
in  the  absence  of  80  mM  Na+.  The  points  represent  Mean  ±  SEM 
of  3  determinations.  The  value  for  one-half  maximal  inhibition 
(IDejq)  was  calculated  by  computer  regression  analysis  and  is 
5.06  ±  0.24  x  10"7M. 
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(Na  +  K  )-ATPase  activity  was  present  in  the  reconstituted  preparation. 
It  can  be  seen  from  Fig.  18  that  the  interaction  of  ouabain  with  beef 
brain  (Na+  +  K+) -ATPase  reconstituted  into  crab  lipid  liposomes  was 
markedly  different  to  that  observed  with  the  enzyme  preparation  recon¬ 
stituted  with  lipids  extracted  from  beef  brain  (Na+  +  K+)-ATPase.  There 
was  now  a  significant  increase  (P  <  0.01)  in  the  mean  I Q  value  to  oua- 
bain  inhibition  of  the  reconstituted  enzyme  (1.42  ±  0.19  x  10  M)  as 
compared  to  the  mean  ID^  value  from  the  respective  control  (4.05  ±  0.37 
x  10"7M;  Fig.  15).  Moreover,  the  maximal  inhibition  of  enzyme  activity 
of  reconstituted  preparation  was  observed  at  a  much  higher  concentration 
of  ouabain  (1  x  10"  M)  when  compared  to  the  control  preparation  (1  x 
10  M).  Thus,  the  shape  of  the  dose-response  curve  had  changed  from  a 
steep  curve,  in  the  control  experiments  (Fig.  15)  to  a  more  shallow 
curve  (Fig.  18).  Similar  but  even  more  pronounced  effects  were  observed 
when  the  endogenous  lipids  of  beef  brain  (Na+  +  K+) -ATPase  were  serially 
replaced  with  lipids  extracted  from  crab  nerve  (Na+  +  K+)-ATPase.  Table 
9  and  Fig.  19  show  the  results  of  this  latter  experiment.  The  reconsti¬ 
tuted  preparation  now  retained  only  24%  of  the  initial  total  ATPase  act¬ 
ivity.  The  (Na+  +  K+) -ATPase  had  decreased  from  138.2  (before  reconsti¬ 
tution)  to  36.3  (reconstituted  enzyme)  ymol  ATP  hydrolyzed/mg  protein/hr 
which  represented  a  74%  loss  of  enzyme  activity.  The  Mg++-ATPase  showed 
a  88%  loss  of  activity.  The  mean  dose-response  curve  to  ouabain  inhibi¬ 
tion  of  this  preparation  is  shown  in  Fig.  19.  It  is  clear  that  the  mean 
ID^g  value  of  the  serially  substituted  preparation  (2.62  ±  0.21  x  10  M) 
is  markedly  different  (P  <  0.01)  from  that  obtained  from  the  respective 
control  experiment  (2.65  ±  0.05  x  10"7M;  Fig.  16).  There  is  about  one 
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TABLE  8 

INCORPORATION  OF  BEEF  BRAIN  (Na+  +  K+)-ATPase  INTO  CRAB  LIPID  LIPOSOMES:  EFFECT  ON  SPECIFIC  ACTIVITY* 
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ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
Ouabain  inhibitable  ATPase. 
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Fig.  18.  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  beef  brain  reconstituted  into  crab  lipid  liposomes.  En¬ 
zyme  activity  was  determined  at  37°C  in  the  presence  of  2  mM 
Mg++,  20  mM  K+,  80  mM  Na+  plus  variable  concentrations  of  oua¬ 
bain  as  indicated.  100%  inhibition  of  (Na+  +  K+)-ATPase 
occurred  when  the  ouabain  inhibited  enzyme  activity  was  simi¬ 
lar  to  that  basal  activity  which  was  observed  in  the  absence 
of  80  mM  Na+.  The  points  represent  Mean  ±  SEM  of  4  determina¬ 
tions.  The  value  for  one-half  maximal  inhibition  ( I D50)  was 
calculated  by  computer  regression  analysis  and  is  1.42  ±  0.19 
x  10_6M. 
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*  Results  are  based  on  four  separate  experiments.  Values  given  are  mean  ±  SEM. 
**umol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
t  Ouabain  inhibitable  ATPase. 
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Fig.  19.  Serial  substitution  of  endogenous  lipids  of  beef  brain 

(Na+  +  K+)-ATPase  with  crab  lipid  liposomes.  Dose-response 
curve  to  inhibition  by  ouabain.  Enzyme  activity  was  deter¬ 
mined  at  37°C  in  the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM 
Na+  plus  variable  concentrations  of  ouabain  as  indicated. 

100%  inhibition  of  (Na+  +  K+)-ATPase  occurred  when  the  ouabain 
inhibited  enzyme  activity  was  similar  to  that  basal  activity 
which  was  observed  in  the  absence  of  80  mM  Na+.  The  points 
represent  Mean  ±  SEM  of  5  determinations.  The  value  for  one- 
half  maximal  inhibition  ( I D^q )  was  calculated  by  computer 
regression  analysis  and  is  2.62  ±  0.21  x  10~^M. 


Fig.  20.  Electron  micrograph  of  beef  brain  (Na+  +  K+)-ATPase  reconsti¬ 
tuted  into  crab  lipid  liposomes.  The  endogenous  lipids  of 
beef  brain  enzyme  were  serially  substituted  with  lipids  ex¬ 
tracted  from  crab  nerve  (Na+  +  K+)-ATPase  as  described  in 
Materials  and  Methods.  Reconstituted  preparation  was  nega¬ 
tively  stained  with  1  %  phosphotungstate  and  observed  in  a 
JEM-7A  electron  microscope.  The  bar  indicates  100  nm.  Recon¬ 
stituted  preparation  exhibits  a  structure  of  unilamellar  ves¬ 
icles  ranging  between  50-100  nm  in  diameter. 


*  _ 


log  unit  difference  in  the  ID^q  values,  between  these  two  preparations. 
Moreover,  the  maximal  inhibition  to  ouabain  was  only  achieved  at  1  x 
10  M  concentration  of  drug  compared  to  1  x  10~^M  with  the  control  prep¬ 
arations.  It  is  also  apparent  that  the  shape  of  the  dose-response  curve 
had  also  changed  from  a  steep  curve  (Fig.  16)  to  a  shallow  curve  in  the 
reconstituted  preparation  (Fig.  19).  An  electron  micrograph  of  this  re¬ 
constituted  preparation  is  shown  in  Fig.  20.  It  can  be  seen  from  this 
Figure  that  reconstituted  preparations  had  a  structure  of  primarily  uni¬ 
lamellar  vesicles  ranging  between  50-100  nm  in  diameter.  It  should  be 
noted  that  the  morphological  appearance  of  this  preparation  is  quite 
similar  to  that  of  phosphatidylcholine  reconstituted  liposomes  given  in 
Fig.  14. 

(2)  Crab  Nerve  (Na+  +  K+)-ATPase 

The  (Na+  +  K+)-ATPase  prepared  from  crab  axons  were  reconstituted 
into  liposomes  of  desired  lipid  composition  as  described  in  Materials 
and  Methods.  Firstly,  to  serve  as  a  control,  the  enzyme  was  reconstitu¬ 
ted  into  liposomes  prepared  from  lipids  extracted  from  crab  nerve 
(Na+  +  K+)-ATPase.  The  specific  activity  of  crab  nerve  (Na+  +  K+)- 
ATPase  before  and  after  reconstitution  into  lipid  vesicles  is  shown  in 
Table  10.  From  these  results  it  is  evident  that  reconstitution  of  crab 
nerve  ATPase  into  crab  liposomes  resulted  in  a  33%  loss  of  total  ATPase 
activity.  The  reconstituted  preparation  retained  about  74%  of  the  ini¬ 
tial  (Na+  +  K+) -ATPase  activity.  In  contrast,  the  loss  of  Mg++-ATPase 
activity  was  more  dramatic,  since  it  had  decreased  from  2.6  (native  en¬ 
zyme)  to  0.6  (reconstituted  enzyme)  ymol  ATP  hydrolyzed/mg  protein/hr. 
This  decrease  represented  a  77%  loss  of  activity  of  this  enzyme. 


. 


TABLE  10 

INCORPORATION  OF  CRAB  NERVE  (Na+  +  K+)-ATPase  INTO  CRAB  LIPID  LIPOSOMES:  EFFECT  ON  SPECIFIC  ACTIVITY* 
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**  ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
t  Ouabain  inhibitable  ATPase. 
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Because  the  fall  in  Mg++-ATPase  activity  was  not  paralleled  by  a  similar 

decrease  in  ouabain  sensitive  (Na+  +  K+) -ATPase,  the  resultant  enzyme 

preparation  had  an  increased  sensitivity  (%)  to  ouabain  inhibition  (95% 

for  the  reconstituted  enzyme  compared  to  87%  for  the  native  preparation). 

Fig.  21  illustrates  the  mean  dose-response  curve  to  ouabain  inhibition 

of  this  reconstituted  preparation.  The  mean  value  for  one-half  maximal 

inhibition  by  ouabain  was  1.78  ±  0.21  x  10’^M  which  is  not  different 

from  that  of  the  native  enzyme  (1.51  ±  0.09  x  10"4M;  Fig.  3).  A  similar 

result  was  obtained  when  crab  nerve  (Na+  +  K+) -ATPase  was  reconstituted 

into  phosphatidylcholine  (egg)  liposomes.  The  results  of  this  latter 

experiment  are  summarized  in  Table  11  and  Fig.  22.  It  is  clear  from  the 

results  shown  in  Table  11  that  reconstituted  preparations  retained  98% 

of  the  initial  total  ATPase  activity.  The  ouabain  inhibitable  ATPase 

activity  of  this  enzyme  preparation  remained  the  same  before  and  after 

reconstitution.  The  mean  value  obtained  for  one-half  maximal  inhibition 

-4 

to  ouabain  of  reconstituted  preparations  was  1.57  ±  0.30  x  10  M.  This 
value  did  not  differ  significantly  from  that  of  the  respective  control 
(1  .78  ±  0.21  x  1 0”4M;  Fig.  21). 

The  interaction  of  ouabain  with  crab  nerve  (Na  +  K  )-ATPase  pro¬ 
tein  which  was  incorporated  into  a  lipid  bilayer  composed  of  lipid  ex¬ 
tracted  from  beef  brain  (Na+  +  K+) -ATPase  was  investigated.  The  ATPase 
from  crab  nerve  was  reconstituted  into  beef  lipid  liposomes  as  described 
in  Materials  and  Methods.  The  specific  activity  of  this  preparation  be¬ 
fore  and  after  reconstitution  is  shown  in  Table  12.  It  can  be  seen  that 
reconstituted  preparations  retained  45%  of  the  initial  total  ATPase  act¬ 
ivity.  The  specific  activity  of  (Na+  +  K+)-ATPase  was  decreased  from 
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Ouabain  (M) 


Fig.  21.  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  crab  nerve  reconstituted  into  crab  lipid  liposomes.  En¬ 
zyme  activity  was  determined  at  37 °C  in  the  presence  of  2  mM 
Mg++,  20  mM  K+,  80  mM  Na+  plus  variable  concentrations  of  oua¬ 
bain  as  indicated.  100%  inhibition  of  (Na+  +  K+)-ATPase 
occurred  when  the  ouabain  inhibited  enzyme  activity  was  similar 
to  that  basal  activity  which  was  observed  in  the  absence  of  80 
mM  Na+.  SC  indicates  saturating  concentration  of  ouabain. 

The  points  represent  Mean  ±  SEM  of  3  determinations.  The 

value  for  one-half  maximal  inhibition  (ID5Q)  was  calculated  by 

-4 

computer  regression  analysis  and  is  1.78  ±  0.21  x  10  M. 
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Ouabain  (M) 


Fig.  22.  Dose  response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 

from  crab  nerve  reconstituted  into  egg  phosphatidylcholine 

liposomes.  Enzyme  activity  was  determined  at  37°C  in  the  pre- 

++  +  + 

sence  of  2  mM  Mg  ,  20  mM  K  ,  80  mM  Na  plus  variable  concen¬ 
trations  of  ouabain  as  indicated.  100%  inhibition  of  (Na+  + 
K+) -ATPase  occurred  when  the  ouabain  inhibited  enzyme  activity 
was  similar  to  that  basal  activity  which  was  observed  in  the 
absence  of  80  mM  Na+.  SC  indicates  saturating  concentration 
of  ouabain.  The  points  represent  Mean  ±  SEM  of  4  separate 
determinations.  The  value  for  one-hal f  maximal  inhibition 
(ID5q)  was  calculated  by  computer  regression  analysis  and  is 
1.57  ±  0.30  x  10"4M. 
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13.9  (native  enzyme)  to  5.9  (reconstituted  enzyme)  ymol  ATP  hydrolyzed/ 
mg  protein/hr  which  represented  a  58%  loss  of  activity.  Surprisingly, 
although  the  Mg++-ATPase  activity  was  reduced  by  47%  this  was  not  accom¬ 
panied  by  an  increase  in  the  %  ouabain  sensitivity  of  the  preparation, 
as  this  parameter  remained  unchanged  (86%  and  89%  in  the  reconstituted 
and  native  enzyme  preparations  respectively).  Fig.  23  represents  the 
mean  dose-response  curve  to  inhibition  by  ouabain  of  reconstituted  prep¬ 
arations.  When  compared  with  the  respective  control  (Fig.  21)  it  can  be 
seen  that  the  ouabain  interaction  properties  of  reconstituted  prepara¬ 
tions  had  altered.  The  mean  I Q  value  of  the  reconstituted  enzyme 
(5.40  ±  0.87  x  10~5M)  was  significantly  lower  than  that  of  the  respect¬ 
ive  control  (1.78  ±  0.21  x  10"^M;  Fig.  21).  In  addition  the  maximal  in¬ 
hibition  of  reconstituted  enzyme  was  observed  at  a  much  lower  concentra¬ 
tion  of  ouabain  compared  to  the  control  preparation.  It  had  decreased 

-2  -3 

from  the  saturating  concentration  (about  2.0  x  10"  M)  to  3  x  10"  M. 

This  latter  effect  became  more  pronounced  when  an  enzyme  preparation 
from  crab  nerve  was  reconstituted  into  beef  lipid  liposomes  by  the 
serial  substitution  method.  The  experiment  was  performed  as  described 
in  Materials  and  Methods.  Table  13  shows  the  specific  activity  of  this 
preparation  before  and  after  reconstitution  into  liposomes.  It  can  be 
seen  that  the  reconstituted  preparation  retained  38%  of  the  initial 
ouabain  inhibitable  ATPase  activity.  The  Mg++-ATPase  activity  of  the 
preparation  was  decreased  by  46%  from  2.6  (native  enzyme)  to  1.4  (recon¬ 
stituted  enzyme)  ymol  ATP  hydrolyzed/mg  protein/hr.  However  this  de¬ 
crease  in  Mg++-ATPase  was  not  accompanied  by  an  increase  in  the  %  ATPase 
sensitive  to  inhibition  by  ouabain;  it  was  in  fact  decreased  from  88% 
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Ouabain  (M) 

Fig.  23.  Dose-response  curve  of  ouabain  inhibtion  of  (Na+  +  K+)-ATPase 
from  crab  nerve,  reconstituted  into  beef  lipid  liposomes.  En¬ 
zyme  activity  was  determined  at  37 °C  in  the  presence  of  2  mM 
Mg++,  20  mM  K+,  80  mM  Na+  plus  variable  concentrations  of  oua¬ 
bain  as  indicated.  100%  inhibition  of  (Na+  +  K+)-ATPase  oc¬ 
curred  when  the  ouabain  inhibited  enzyme  activity  was  similar 
to  that  basal  activity  which  was  observed  in  the  absence  of  80 
mM  Na+.  The  points  represent  Mean  ±  SEM  of  5  determinations. 

The  value  for  one-hal  f  maximal  inhibition  ( I D5Q)  was  calculat- 

-5 

ed  by  computer  regression  analysis  and  is  5.40  ±  0.87  x  10  M. 
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(native  enzyme)  to  81%  (reconstituted  enzyme).  The  mean  dose-response 
curve  to  inhibition  by  ouabain  of  the  reconstituted  preparations  is 
shown  in  Fig.  24.  The  mean  value  obtained  for  one-hal f  maximal  inhibi¬ 
tion  by  ouabain  was  5.14  ±  0.33  x  lCf^M  which  is  significantly  lower 
(P  <  0.01)  than  that  of  the  control  preparations  (Fig.  3  and  Fig.  21). 
However,  the  maximal  inhibition  of  (Na+  +  K+)-ATPase  activity  of  the  re¬ 
constituted  preparations  was  observed  at  a  much  lower  concentration  of 

_o 

ouabain  (1  x  10  M)  compared  to  the  control  preparations  which  required 

_2 

saturating  concentrations  of  ouabain  (2.0  x  10  M)  for  complete  inhibi¬ 
tion.  It  is  also  evident  that  the  shape  of  the  dose-response  curve  of 
the  reconstituted  preparations  was  different  to  those  of  control  prepar¬ 
ations.  It  had  changed  from  a  shallow  curve  to  a  more  steep  curve.  The 
morphological  integrity  of  reconstituted  preparations  was  studied  by 
electron  microscopy  and  is  illustrated  in  Fig.  25.  It  is  clear  that 
this  preparation  was  quite  similar  to  those  for  phosphatidylcholine 
liposomes  (Fig.  14)  and  for  beef  brain  (Na+  +  K+)-ATPase  reconstituted 
in  crab  lipid  liposomes  (Fig.  20),  in  that  it  had  a  structure  of  primar¬ 
ily  unilamellar  vesicles  ranging  between  50-100  nm  in  diameter. 

(3)  Summary  of  Effects  of  Ouabain 

The  results  obtained  with  the  reconstituted  enzyme  preparations  are 
summarized  in  Tables  14  and  15.  Table  14  shows  the  effect  of  membrane 
lipid  composition  on  the  interaction  of  ouabain  with  beef  brain  (Na+  + 

K+) -ATPase .  It  can  be  seen  that  reincorporation  of  beef  enzyme  into 
crab  lipid  liposomes  resulted  in  a  decreased  sensitivity  of  the  reconsti¬ 
tuted  enzyme  to  inhibition  by  ouabain  compared  to  the  control  prepara- 
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Results  are  based  on  four  separate  experiments.  Values  given  are  Mean  ±  SEM. 
ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
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.  24.  Serial  substitution  of  endogenous  lipids  of  crab  nerve 

(Na+  +  K+)-ATPase  with  beef  lipid  liposomes.  Dose  response 
curve  to  inhibition  by  ouabain.  Enzyme  activity  was  deter¬ 
mined  at  37°C  in  the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM 
Na+  plus  variable  concentrations  of  ouabain  as  indicated. 

100%  inhibition  of  (Na+  +  K+)-ATPase  occurred  when  the  ouabain 
inhibited  enzyme  activity  was  similar  to  that  basal  activity 
which  was  observed  in  the  absence  of  80  mM  Na+.  The  points 
represent  Mean  ±  SEM  of  4  determinations.  The  value  for  one- 
half  maximal  inhibition  ( I D^g )  was  calculated  by  computer  re¬ 
gression  analysis  and  is  5.14  ±  0.33  x  10"^M. 


Fig.  25.  Electron  micrograph  of  crab  nerve  (Na+  +  K+)-ATPase  reconsti¬ 
tuted  into  beef  lipid  liposomes.  The  endogenous  lipids  of 

crab  nerve  enzyme  were  serially  substituted  with  lipid  ex- 

+  + 

tracted  from  beef  brain  (Na  +  K  )-ATPase  as  described  in 
Materials  and  Methods.  Reconstituted  preparation  was  nega¬ 
tively  stained  with  1%  phosphotungstate  and  observed  in  a 
JEM-7 A  electron  microscope.  The  bar  indicates  100  nm.  Recon¬ 
stituted  preparation  exhibits  a  structure  of  unilamellar  ves¬ 
icles,  ranging  between  50-100  nm  in  diameter. 
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tions.  This  was  evident  by  the  significantly  increased  (P  <  0.01)  mean 
ID5q  value  to  ouabain  inhibition.  This  effect  became  more  pronounced 
when  the  beef  enzyme  was  reconstituted  into  crab  lipid  liposomes  by  the 
serial  substitution  method.  On  the  other  hand  incorporation  of  beef 
brain  enzyme  into  egg  PC  liposomes  did  not  result  in  an  alteration  in 
the  ouabain  interaction  properties  of  the  native  enzyme. 

Table  15  summarizes  the  results  obtained  with  reconstituted  prepar¬ 
ations  of  (Na+  +  K+)-ATPase  from  crab  nerve.  It  is  clear  that  the 
(Na+  +  K+)-ATPase  protein  had  maintained  its  native  characteristics  to 
ouabain  inhibition  after  reconstitution  into  egg  phosphatidylcholine 
liposomes.  However,  when  crab  nerve  enzyme  was  introduced  into  a  beef 
lipid  environment,  the  ouabain  inhibitory  properties  had  changed,  in 
that  the  reconstituted  preparations  displayed  a  significantly  lower 
(P  <  0.01)  mean  ID^0  value  to  inhibition  by  ouabain  compared  to  the  con¬ 
trol  preparations.  However,  this  effect  did  not  become  more  pronounced 
when  the  endogenous  lipids  of  crab  nerve  enzyme  were  serially  substituted 
with  beef  lipid  liposomes  prepared  from  lipid  extracted  from  the  beef 
brain  (Na+  +  K+)-ATPase. 
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TABLE  14 

EFFECT  OF  LIPID  COMPOSITION  OF  MEMBRANE  ON  THE  INHIBITION  OF  BEEF  BRAIN 
(Na+  +  K+) -ATPase  BY  OUABAIN:  SUMMARY  OF  RESULTS 


Enzyme  preparation  n  ID^-ouabain  (M) 

A.  Beef-Enz.  4  3.06  ±  0.44  x  10~7  -  (Fig.  2) 

B.  Beef-E/beef  lipid  5  4.05  ±  0.37  x  10‘7  a  (Fig.  15) 

C.  Beef-E/beef  lipid  3  2.65  ±  0.05  x  10'7  b  (Fig. 16) 

(serial  subst.) 

D.  Beef-E/egg  PC  3  5.06  ±  0.24  x  10  7  c  (Fig. 17) 

E.  Beef-E/crab  lipid  4  1 .42  ±  0.19  x  10"^  d  (Fig. 18) 

F.  Beef-E/crab  lipid  5  2.62  ±  0.21  x  10  ^  e  (Fig. 19) 

(serial  subst.) 


a.  Not  significantly  different  from  A. 

b.  Not  significantly  different  from  either  A  or  B. 

c.  Not  significantly  different  from  respective  control  (B). 

d.  Significantly  different  (P  <  0.01)  from  respective  control  (B). 

e.  Significantly  different  (P  <  0.01)  from  respective  control  (C)  and 


from  E. 
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TABLE  15 

EFFECT  OF  LIPID  COMPOSITION  OF  MEMBRANE  ON  THE  INHIBITION  OF  CRAB  NERVE 
(Na+  +  K+) -ATPase  BY  OUABAIN:  SUMMARY  OF  RESULTS 


Enzyme  preparation 

n 

ID^Q-ouabain  (M) 

A.  Crab  Enz. 

4 

1 .51  ±  0.09  x  10"4 

- 

(Fig-  3) 

B.  Crab-E/crab  lipid 

3 

1 .78  ±  0.21  x  10-4 

a 

(Fig. 21) 

C.  Crab-E/egg  PC 

4 

1 .57  ±  0.30  x  10"4 

b 

(Fig. 22) 

D.  Crab-E/beef  lipid 

5 

5.40  ±  0.87  x  10'5 

c 

(Fig. 23) 

E.  Crab-E/beef  lipid 

4 

5.14  ±  0.33  x  10'5 

d 

(Fig. 24) 

(serial  subst.) 

a.  Not  significantly  different  from  A. 

b.  Not  significantly  different  from  respective  control 

(B). 

c.  Significantly  different  (P 

<  0.01)  from  respective 

control 

(B). 

d.  Significantly  different  (P 

<  0.01 )  from  B,  but  not 

significantly 

different  from  D. 
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F.  Effect  of  Lipid  Fluidity  on  Ouabain  Sensitivity  of  (Na+  +  K+)- 

ATPase 

Lipids  from  biological  membranes  undergo  a  thermotropic  phase  trans¬ 
ition  from  a  liquid  crystalline  state  to  a  gel  state  as  the  temperature 
is  lowered  through  the  transition  region.  The  transition  arises  from  a 
cooperative  freezing  of  the  hydrocarbon  chains  located  in  the  interior  of 
the  bi layer  (Chapman,  1975).  At  temperatures  above  the  phase  transition 
temperature  (T  ),  membrane  lipids  are  considered  to  be  predominantly  in  a 
fluid,  liquid  crystalline  phase.  At  temperatures  below  the  T  ,  membrane 
lipids  are  thought  to  be  in  a  solid  or  gel  phase.  Within  the  phase 
transition  lipids  are  in  a  mixed  phase  (Shimshick  and  McConnell,  1973; 
Chapman,  1975).  The  phase  properties  of  biological  membranes  can  be  mod¬ 
ified  by  several  ways.  For  instance,  an  increase  in  the  average  chain 
length  of  the  fatty  acyl  chains  or  a  decrease  in  the  ratio  of  unsaturated/ 
saturated  fatty  acid  moieties  would  raise  the  transition  temperature 
(Steim  et  al .,  1969;  Chapman,  1975).  In  addition,  alteration  of  the  cho¬ 
lesterol  content  of  cell  membranes  will  modify  the  molecular  packing  of 
the  phospholipid  acyl  chains  (Papahadjopoulos  et  al.,  1973;  Papahadjo- 
poulos,  1976).  Moreover,  changes  in  the  distribution  of  polar  head 
groups  of  the  negatively  charged  phospholipids  of  biomembranes,  or  allow¬ 
ing  these  groups  to  interact  with  divalent  cations  which  tend  to  stabilize 
the  bilayers  could  also  markedly  alter  the  phase  transition  temperatures 
(Kimelberg  and  Papahadjopoulos,  1971;  Trauble  and  Eibl,  1974;  Verkleij 
et  al .,  1974;  Jacobson  and  Papahadjopoulos,  1975;  Sandermann,  1978). 

The  degree  of  membrane  fluidity  could  give  rise  to  a  number  of  im¬ 
portant  effects.  A  consequence  of  the  phase  transition  is  that  the  rate 
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of  rotational  and/or  translational  diffusions  of  protein  molecules  in 
the  membrane  increase  by  several  orders  of  magnitude  on  going  from  the 
gel  to  liquid-crystalline  state  (Poo  and  Cone,  1974;  Papahadjopoulos, 
1976;  Kuo  and  Wade,  1979).  More  recent  studies  indicate  that  alteration 
of  lipid  fluidity  also  modulates  the  availability  of  protein  substituents 
at  the  membrane  surfaces  (Borochov  and  Shinitzky,  1976;  Shinitzky  and 
Rivnay,  1977;  Borochov  et  al.*  1979).  These  temperature  induced  changes 
in  the  lipid  structure  alter  the  kinetics  of  membrane  bound  enzymes  and 
thus  can  affect  various  physiological  functions  (McMurchie  et  al .*  1973). 
As  discussed  in  the  Introduction  of  this  thesis,  there  is  now  much  evi¬ 
dence  to  indicate  that  the  physical  properties  of  membrane  lipids  are 
vitally  important  for  the  proper  function  of  (Na+  +  K+)-ATPase  enzyme 
system.  Optimum  enzyme  activity  was  observed  when  the  membrane  lipids 
were  in  a  fluid  state.  This,  is  readily  demonstrated  by  the  presence  of 
breaks  or  discontinuities  in  Arrhenius  plots  of  enzyme  activity  that  cor¬ 
relate  with  lipid  phase  separations  (Kimelberg  and  Papahadjopoulos,  1974; 
Papahadjopoulos,  1976;  Palatini  et  al.*  1977). 

From  the  results  presented  so  far  it  is  clear  that  the  inhibition  of 
membrane  bound  (Na+  +  K+)-ATPase  by  ouabain  is  strongly  modulated  by  the 
membrane  lipid  composition.  The  information  discussed  above  indicates 
that  changes  in  membrane  lipid  fluidity  alters  the  function  of  (Na+  + 
K+)-ATPase  enzyme  system.  Thus,  it  seems  possible  that  interaction  of 
specific  inhibitors  (such  as  ouabain)  with  membrane  bound  (Na+  +  K+)- 
ATPase  is  influenced  by  the  physical  state  of  membrane  lipids.  In  an 
attempt  to  explain  the  lipid  modulation  of  ouabain  sensitivity  of  (Na+  + 
K+)-ATPase,  the  effect  of  changes  in  the  fludity  of  the  membrane  lipid 
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phase  (in  relation  to  the  thermal  transition)  on  the  ouabain  inhibition 
of  beef  brain  (Na+  +  K+)-ATPase  was  investigated.  This  was  accomplished 
by  employing  a  series  of  synthetic  phosphatidylcholines  of  defined  fatty 
acid  composition. 

The  lipids  studied  include,  dioleoyl  (18:1  .  /I 8: 1  .  ) -phosphatidyl 

O'IS  G'lsS 

choline  (DOPC)— Tc»  -22°C  (Phillips  et  al . ,  1969;  Ladbrooke  and  Chapman, 
1969;  de  Kruyff  et  at.,  1973;  Chapman,  1975);  l-palmito,2-oleoyl  (16:0/ 
18:1^) “Phosphatidyl chol ine-T  ,  -5°C  (Ververgaert  et  al .,  1973;  de 
Kruyff  et  al.y  1973;  Seelig  and  Waespe-Sarcevic,  1978);  dimyristoyl 
(14:0/14:0) -phosphatidylcholine  (DMPC)-T  ,  +23°C  (Chapman  et  al.y  1967; 
Ladbrooke  and  Chapman,  1969;  Phillips  etal.y  1969;  Chapman,  1975); 
dipalmitoyl  (16:0/16:0)-phosphatidylcholine  (DPPC)— Tc,  +41°C  (Ladbrooke 
and  Chapman,  1969;  Ververgaert  et  al.y  1973;  Chapman,  1975)  and 
distearoyl  (18:0/18:0)-phosphatidylcholine  (DSPC)— T  ,  +58°C  (Chapman 
et  al.y  1967;  Ladbrooke  and  Chapman,  1969;  Phillips  et  al .,  1969; 
Phillips  et  al.,  1972;  Ververgaert  et  al.y  1973;  Chapman  et  al.y  1975). 

(1)  Beef  Brain  (Na+  +  K+) -ATPase/Dimyri stoyl -PC 

The  (Na+  +  K+)-ATPase  from  beef  brain  was  reconstituted  into  DMPC 
liposomes  and  assayed  for  activity  as  described  in  Materials  and  Methods 
The  specific  activity  of  (Na  +  K  )-ATPase  before  and  after  reconstitu¬ 
tion  into  DMPC  vesicles  is  shown  in  Table  16.  It  is  clear  from  these 
results  that  the  reconstituted  preparation  retained  about  73%  of  the 
initial  Total  ATPase  activity.  Similarly,  there  was  about  a  32%  loss  of 
(Na+  +  K+) -ATPase  activity,  when  enzyme  was  introduced  into  DMPC  lipo¬ 
somes.  In  contrast,  the  Mg++-ATPase  activity  of  the  preparation  had 
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Results  are  based  on  four  separate  experiments.  Values  given  are  Mean  ±  SEM. 
umol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 

Ouabain  inhibitable  ATPase. 


%  Inhibition  of  (Na+  +  K  +  )-ATPase  Activity 
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.  26  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  beef  brain  reconstituted  into  dimyristoyl  phosphatidyl¬ 
choline  (DMPC)  liposomes.  Enzyme  activity  was  determined  at 
37°C  in  the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM  Na+  plus 
variable  concentrations  of  ouabain  as  indicated.  100%  inhibi¬ 
tion  of  (Na+  +  K+)-ATPase  occurred  when  the  ouabain  inhibited 
enzyme  activity  was  similar  to  that  basal  activity  which  was 
observed  in  the  absence  of  80  mM  Na+.  The  points  represent 
Mean  ±  SEM  of  4  determinations.  The  value  for  one-half  max¬ 
imal  inhibition  ( ID5Q)  was  calculated  by  computer  regression 
analysis  and  is  4.03  ±  0.45  x  10~^M. 
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remained  unchanged  before  (27.1  ymol  ATP  hydrolyzed/mg  protein/hr)  and 
after  (28.6  ymol  ATP  hydrolyzed/mg  protein/hr)  reconstitution.  The  % 
ouabain  sensitivity  of  the  preparation  was  slightly  decreased  from  86% 
(before  reconstitution)  to  80%  (after  reconstitution).  The  cardiac  gly¬ 
coside  receptor  characteristics  of  reconstituted  enzyme  preparations 
were  studied  by  constructing  dose-response  curves  to  inhibition  by  oua¬ 
bain.  The  construction  of  dose-response  curves  and  the  calculation  of 
the  mean  ID^q  value  for  ouabain  was  carried  out  as  described  in  Materials 
and  Methods.  The  mean  dose-response  curve  to  inhibition  by  ouabain  of 
beef  brain  (Na+  +  K+)-ATPase  reconstituted  into  DMPC  liposomes  is  shown 
in  Fig.  26.  Here,  the  %  inhibition  of  (Na+  +  K+)-ATPase  activity  was 
plotted  against  the  log  concentration  of  ouabain.  The  mean  ID^q  value 
(4.03  ±0.45  x  10~7M)  to  inhibition  by  ouabain  of  this  reconstituted 
preparation  did  not  differ  significantly  from  the  mean  ID^q  value  ob¬ 
tained  with  the  respective  control  —  Beef-Enzyme/beef-lipid  (4.05  ±  0.37 
x  10"7M;  Fig.  15). 


(2)  Beef  Brain  (Na+  +  K+) -ATPase/1 -palmi to,2-oleoyl -PC 

Table  17  shows  the  specific  activity  of  (Na+  +  K+)-ATPase  prepara¬ 
tion  before  and  after  reconstitution  into  1 -palmi to ,2-oleoyl -PC  vesicles. 
The  reconstitution  of  ATPase  protein  into  liposomes  was  achieved  by  gel 
filtration  technique  as  described  in  Materials  and  Methods.  It  can  be 
seen  that  reconstitution  of  (Na+  +  K+)-ATPase  into  this  mixed-lecithin 
system,  had  resulted  in  a  32%  loss  of  initial  total  ATPase  activity.  The 
(Na+  +  K+) -ATPase  activity  was  also  decreased  from  129.1  (before  reconsti¬ 
tution)  to  84.9  (reconstituted  enzyme)  ymol  ATP  hydrolyzed/mg  protein/hr. 
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Ouabain  (M) 

Fig.  27  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  beef  brain  reconstituted  into  1-palmito,  2-oleoyl  phospha¬ 
tidylcholine  liposomes.  Enzyme  activity  was  determined  at  37°C 

++  +  + 

in  the  presence  of  2  mM  Mg  ,  20  mM  K  ,  80  mM  Na  plus  variable 
concentrations  of  ouabain  as  indicated.  100%  inhibition  of 
(Na+  +  K+)-ATPase  occurred  when  the  ouabain  inhibited  enzyme 
activity  was  similar  to  that  basal  activity  which  was  observed 
in  the  absence  of  80  mM  Na+.  The  points  represent  Mean  ±  SEM 
of  4  determinations.  The  value  for  one-half  maximal  inhibition 
(ID^g)  was  calculated  by  computer  regression  analysis  and  is 
5.12  ±  0.55  x  10"7M. 


138 


This  decrease  in  activity  represented  about  a  34%  loss  of  the  initial 
ouabain  i nhi b i table  ATPase  activity  which  was  comparable  to  that  observed 
with  the  DMPC  reconstituted  system.  The  Mg++-ATPase  activity  had  decreas¬ 
ed  slightly  from  20.9  (before  reconstitution)  to  17.8  (reconstituted  en¬ 
zyme)  ymol  ATP  hydrolyzed/mg  protein/hr,  and  there  was  no  change  in  the 
%  ATPase  sensitive  to  inhibition  by  ouabain.  Fig.  27  shows  the  mean  dose- 
response  curve  to  inhibition  by  ouabain  of  beef  brain  enzyme  reconstituted 
into  1 -palmi to,2-oleoyl -PC  liposomes.  The  mean  ID^g  value  obtained  for 
one-half  maximal  inhibition  to  ouabain  of  this  reconstituted  system  was 
5.12  ±  0.55  x  10~^M.  This  value  did  not  differ  significantly  from  that 
of  the  control  preparation  (4.05  ±  0.37  x  10"^M;  Fig.  15). 

(3)  Beef  Brain  (Na+  +  K+) -ATPase/Dioleoyl -PC 

The  effect  of  increased  bi layer  fluidity  on  the  interaction  of  oua¬ 
bain  with  (Na+  +  K+)-ATPase  was  studied  by  using  dioleoyl  phosphatidyl¬ 
choline  liposomes.  Table  18  and  Fig.  28  summarize  the  results  obtained 
with  an  enzyme  preparation  that  had  been  reconstituted  into  DOPC  lipo¬ 
somes.  From  the  results  shown  in  Table  18  it  can  be  seen  that  the  recon¬ 
stituted  preparation  had  increased  total  ATPase  activity  compared  to  the 
native  enzyme  preparation.  The  total  ATPase  activity  had  increased  from 
144.9  (native  enzyme)  to  168.4  (reconstituted  enzyme)  ymol  ATP  hydrolyzed/ 
mg  protein/hr.  This  represented  about  a  16%  increase  of  the  initial 
total  ATPase  activity.  Similarly  the  reconstituted  preparation  had  an 
increased  (about  14%)  (Na+  +  K+)-ATPase  activity  (123.0  and  140.5  ymol 
ATP  hydrolyzed/mg  protein/hr  in  the  native  and  reconstituted  enzyme  prep¬ 
arations  respectively).  However,  these  increases  in  enzyme  activity  were 
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umol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
Ouabain  inhibi table  ATPase. 
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.  28  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  beef  brain  reconstituted  into  dioleoyl  phosphatidylcholine 
(DOPC)  liposomes.  Enzyme  activity  was  determined  at  37°C  in 
the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM  Na+  plus  variable 
concentrations  of  ouabain  as  indicated.  100%  inhibition  of 
(Na+  +  K+)-ATPase  occurred  when  the  ouabain  inhibited  enzyme 
activity  was  similar  to  that  basal  activity  which  was  observed 
in  the  absence  of  80  mM  Na+.  The  points  represent  Mean  ±  SEM 
of  4  determinations.  The  value  for  one-half  maximal  inhibition 
(ID^q)  was  calculated  by  computer  regression  analysis  and  is 
3.46  ±  0.53  x  10'7M. 
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not  significant  at  the  1%  level.  The  Mg++-ATPase  activity  and  the  % 
ATPase  sensitive  to  ouabain  inhibition  of  the  preparation  was  unchanged 
before  and  after  reconstitution.  Fig.  28  shows  the  mean  dose-response 
curve  to  inhibition  by  ouabain  of  this  DOPC  reconstituted  system.  The 
mean  value  obtained  for  one-half  maximal  inhibition  by  ouabain  was  3.46 
±  0.53  x  10~7M,  which  was  similar  to  the  mean  ID5Q  value  of  the  control 
preparation  (4.05  ±  0.37  x  10'7M;  Fig.  15). 

(4)  Beef  Brain  (Na+  +  K+) -ATPase/Di palmitoyl -PC 

Table  19  and  Fig.  29  summarize  the  results  obtained  with  an  enzyme 
preparation  from  beef  brain  that  had  been  reconstituted  into  DPPC  lipo¬ 
somes.  The  data  given  in  Table  19  demonstrate  that  reconstituted  prep¬ 
aration  retained  only  42 %  of  the  initial  total  ATPase  activity.  Simil¬ 
arly,  the  ouabain  inhibitable  ATPase  activity  was  decreased  from  152.8 
(before  reconstitution)  to  54.2  (reconstituted  enzyme),  umol  ATP  hydro¬ 
lyzed/mg  protein/hr  which  represented  a  65%  loss  of  enzyme  activity. 

The  loss  of  Mg++-ATPase  activity  was  not  significant,  as  the  reconstituted 
enzyme  had  90%  of  the  initial  Mg++-ATPase  activity.  Since  the  loss  of 
(Na+  +  K+) -ATPase  activity  was  not  paralleled  by  a  similar  reduction  in 
the  Mg++-ATPase  activity,  the  %  ouabain  sensitivity  of  the  preparation 
had  reduced  from  88%  (native  enzyme)  to  74%  (reconstituted  enzyme).  The 
mean  dose-response  curve  to  ouabain  inhibition  of  this  DPPC  reconstituted 
system  is  shown  in  Fig.  29.  It  can  be  seen  that  there  was  no  significant 
difference  between  the  mean  I D^q  values  of  control  preparation  (4.05  ± 

0.37  x  10”7M;  Fig.  15)  and  DPPC  reconstituted  enzyme  (6.45  ±  0.47  x  10“7M; 
Fig.  29). 
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**  ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
t  Ouabain  inhibi table  ATPase. 


%  Inhibition  of  (Na+  +  K*)-ATPase  Activity 
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Ouabain  ( M) 

.  29  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  beef  brain,  reconstituted  into  dipalmitoyl  phosphatidyl¬ 
choline  (DPPC)  liposomes.  Enzyme  activity  was  determined  at 
37°C  in  the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM  Na+  plus 
variable  concentrations  of  ouabain  as  indicated.  100%  inhibi¬ 
tion  of  (Na+  +  K+)-ATPase  occurred  when  the  ouabain  inhibited 
enzyme  activity  was  similar  to  that  basal  activity  which  was 
observed  in  the  absence  of  80  mM  Na+.  The  points  represent 
Mean  ±  SEM  of  3  determinations.  The  value  for  one-half  max¬ 
imal  inhibition  ( I D5q)  was  calculated  by  computer  regression 
analysis  and  is  6.45  ±  0.47  x  10  ^M. 
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**  ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
t  Ouabain  inhibitable  ATPase. 
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The  effect  of  serial  substitution  of  the  endogenous  lipids  of  beef 
brain  (Na+  +  K+)-ATPase  with  DPPC  liposome  was  also  investigated.  The 
preparation  of  serially  substituted  enzyme  was  carried  out  as  described 
in  Materials  and  Methods.  The  results  of  this  experiment  are  summarized 
in  Table  20.  It  is  clear  that  this  serially  substituted  preparation  re¬ 
tained  only  3%  of  the  initial  total  ATPase  activity.  Similarly,  the 
activity  of  (Na+  +  K+)-ATPase  was  drastically  reduced  from  160.8  (native 
enzyme)  to  3.4  (serially  substituted  enzyme)  ymol  ATP  hydrolyzed/mg  pro¬ 
tein/hr  which  represented  about  a  98%  loss  of  activity.  The  very  low 
(Na+  +  K+) -ATPase  activity  and  decreased  %  ouabain  sensitivity  had  ruled 
out  the  study  of  ouabain  interaction  properties  (by  constructing  a  mean 
dose-response  curve)  of  this  serially  substituted  preparation. 

(5)  Beef  Brain  (Na+  +  K+) -ATPase/Distearoyl -PC 

The  effect  of  decreased  bilayer  fluidity  on  the  ouabain  inhibition 
of  (Na+  +  K+) -ATPase  was  investigated  by  using  DSPC  liposomes.  The 
(Na+  +  K+)-ATPase  was  reconstituted  into  DSPC  liposomes  as  described  in 
Materials  and  Methods.  The  specific  activity  of  this  ATPase  preparation 
before  and  after  reconstitution  into  DSPC  lipid  vesicles  is  shown  in 
Table  21.  From  these  results  it  is  evident  that  the  reconstituted  prep¬ 
aration  retained  only  27%  of  the  initial  total  ATPase  activity.  The 
(Na+  +  K+)-ATPase  activity  had  decreased  from  160.1  (native  enzyme)  to 
32.5  (reconstituted  enzyme)  umol  ATP  hydrolyzed/mg  protein/hr  which  rep¬ 
resented  an  80%  loss  of  enzyme  activity.  In  contrast,  the  reconstituted 
preparation  retained  about  82%  of  the  initial  Mg++-ATPase  activity. 

Since  the  loss  of  (Na+  +  K+)-ATPase  activity  was  not  paralleled  by  a 
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Results  are  based  on  four  separate  experiments.  Values  given  are  Mean  ±  SEM. 
ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 

Ouabain  inhibi table  ATPase. 


%  Inhibition  of  (Na+ +  K+)-ATPase  Activity 
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10‘9  io"8  io~7  io"6  io"5  io~4 


Ouabain  (M) 

Fig.  30  Dose-response  curve  of  ouabain  inhibition  of  (Na+  +  K+)-ATPase 
from  beef  brain,  reconstituted  into  distearoyl  phosphatidyl¬ 
choline  (DSPC)  liposomes.  Enzyme  activity  was  determined  at 
37°C  in  the  presence  of  2  mM  Mg++,  20  mM  K+,  80  mM  Na+  plus 
variable  concentrations  of  ouabain  as  indicated.  1 00%  inhibi¬ 
tion  of  (Na+  +  K+)-ATPase  occurred  when  the  ouabain  inhibited 
enzyme  activity  was  similar  to  that  basal  activity  which  was 
observed  in  the  absence  of  80  mM  Na+.  The  points  represent 
Mean  ±  SEM  of  4  determinations.  The  value  for  one-half  maximal 
inhibition  (ID^q)  was  calculated  by  computer  regression  analysis 
and  is  7.26  ±  1.15  x  10"7M. 
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similar  reduction  in  the  Mg++-ATPase  activity,  the  %  ouabain  sensitivity 
of  the  preparation  had  decreased  from  88%  (native  enzyme)  to  68%  (recon¬ 
stituted  enzyme).  Fig.  30  illustrates  the  mean  dose-response  curve  to 
inhibition  by  ouabain  of  this  DSPC  reconstituted  preparation.  The  mean 
value  for  one-half  maximal  inhibition  by  ouabain  was  7.26  ±  1.15  x  10”7M. 
This  value  did  not  differ  significantly  from  that  of  the  respective  con¬ 
trol  (4.05  ±  0.37  x  10"7M;  Fig.  15). 

The  effect  of  serial  substitution  of  endogenous  lipids  of  beef  brain 
(Na+  +  K+)-ATPase  with  DSPC  liposomes  was  also  investigated.  The  experi¬ 
ment  was  performed  as  described  in  Materials  and  Methods.  Table  22  sum¬ 
marizes  the  results  of  this  experiment.  It  can  be  seen  that  this  serial¬ 
ly  substituted  preparation  retained  little  or  no  total  ATPase  activity. 

The  total  ATPase  activity  had  decreased  from  201.6  (native  enzyme)  to  3.4 
(serially  substituted  enzyme)  umol  ATP  hydrolyzed/mg  protein/hr,  which 
represented  over  98%  loss  of  initial  total  ATPase  activity.  Similarly, 
the  serial  replacement  of  endogenous  lipids  of  (Na+  +  K+)-ATPase  protein 
with  DSPC  liposomes  had  resulted  in  more  or  less  a  complete  loss  of 
(Na+  +  K+)-ATPase  activity,  as  it  was  decreased  from  178.0  (native  enzyme) 
to  0.9  (serially  substituted  enzyme)  ymol  ATP  hydrolyzed/mg  protein/hr. 

(6)  Summary  of  Effects  of  Fluidity 

The  results  obtained  with  beef  brain  (Na+  +  K+)-ATPase  reconstituted 
into  a  series  of  synthetic  phosphatidylcholines  with  defined  fatty  acid 
composition  are  summarized  in  Table  23.  As  mentioned  above  the  phase 
transition  temperatures  [which  is  a  measure  of  the  'fluidity'  of  the 
lipid  structure]  of  these  synthetic  lecithins  were  ranged  from  -22°C  to 
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*  Results  are  based  on  three  separate  experiments.  Values  given  are  Mean  ±  SEM. 
**  ymol  ATP  hydrolyzed/mg  protein/hr  at  37°C. 
t  Ouabain  inhibitable  ATPase. 
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+58°C.  It  can  be  seen  that  incorporation  of  beef  (Na+  +  K+)-ATPase  into 
synthetic  lecithin  liposomes  did  not  alter  the  ouabain  interaction  prop¬ 
erties  of  the  reconstituted  systems  compared  to  the  control  preparation. 
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TABLE  23 

EFFECT  OF  LIPID  FLUIDITY  OF  MEMBRANE  ON  THE  INHIBITION  OF  BEEF  BRAIN 
(Na+  +  K+) -ATPase  BY  OUABAIN:  SUMMARY  OF  RESULTS 


Enzyme  preparation 

n 

ID^Q-Ouabain  (M) 

A.  Beef-E/beef  lipid 

5 

4.05  ±  0.37  x  10"7 

- 

(Fig.  15) 

B.  Beef-E/DMPC 

4 

4.03  ±  0.45  x  10"7 

★ 

(Fig.  26) 

C.  Beef-E/1 -palmito. 

4 

5.12  ±  0.55  x  10"7 

* 

(Fig.  27) 

2-oleoyl -PC 

D.  Beef-E/DOPC 

4 

3.46  ±  0.53  x  10'7 

* 

(Fig.  28) 

E.  Beef-E/DPPC 

3 

6.45  ±  0.47  x  10-7 

* 

(Fig.  29) 

F.  Beef-E/DSPC 

4 

7.26  ±  1.15  x  10"7 

* 

(Fig.  30) 

*  Not  significantly  different 

from  A. 

DISCUSSION 


IV.  DISCUSSION 

A.  General 

As  mentioned  in  the  rationale  section  of  this  presentation  the 
present  study  was  based  on  the  observation  that  the  (Na+  +  K+)-ATPase 
isolated  from  poikilotherms  has  a  markedly  reduced  sensitivity  to  inhibi¬ 
tion  by  ouabain  compared  to  similar  enzyme  preparations  from  homeotherms. 
The  aim  of  the  present  investigation  was  to  study  the  reason(s)  underly¬ 
ing  this  phenomenon.  In  the  present  study  both  the  axons  from  the  cold 
water  crab  [Cancer  magistev )  and  the  cortex  from  beef  brain  [Bos  taurus ) 
were  employed  as  the  sources  of  (Na+  +  K+)-ATPase  from  poikilotherms  and 
homeotherms  respectively . 

B .  Control  Preparations 
(1)  Specific  Activity 

The  results  shown  in  Table  1  and  Fig.  1  indicated  that  although  beef 
brain  (Na+  +  K+)-ATPase  can  be  activated  significantly  by  deoxycholate 
treatment,  no  such  effect  was  observed  with  crab  nerve  (Na+  +  K+)-ATPase. 
The  precise  mechanism  by  which  deoxycholate  causes  an  activation  of 
(Na+  +  K+)-ATPase  is  not  known.  However,  it  was  thought  that  the  deter¬ 
gent  treatment  results  in  a  removal  of  extraneous  proteins  as  well  as 
certain  more  labile  lipids  (Jorgensen,  1975).  If  this  is  the  case,  then 
the  lack  of  activation  of  (Na+  +  K+)-ATPase  from  crab  nerve  by  deoxychol¬ 
ate  extraction  may  perhaps  be  due  to  one  or  both  of  the  following  reasons. 

a)  The  enzyme  preparations  isolated  from  crab  axons  were  more 
"pure",  in  that  they  contained  little  or  no  extraneous  proteins. 

b)  It  is  possible  that  the  lipids  of  crab  nerve  enzyme  preparations 
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are  more  "tightly  packed"  than  those  of  beef  brain  (Na+  +  K+)- 
ATPase  and  thus  not  easily  removed  by  detergent  treatment. 

Intuitively,  it  seems  more  likely  that  lack  of  activation  by  deoxy- 
cholate  of  crab  nerve  (Na+  +  K+)-ATPase  is  due  to  the  fact  that  these 
preparations  contained  little  or  no  extraneous  proteins.  In  fact,  it 
has  been  reported  by  Jorgensen  and  Skou  (1971)  and  Jorgensen  (1972)  that 
the  activation  of  rabbit  kidney  (Na+  +  K+)-ATPase  by  DOC  was  due  to  the 
removal  of  extraneous  proteins,  as  determined  by  SDS-gel  electrophoresis. 

However,  the  activation  of  beef  brain  (Na+  +  K+)-ATPase  by  deter¬ 
gent  extraction  can  also  be  explained  as  follows.  The  untreated  enzyme 
preparation  contained  both  active  (right  side-out)  and  non-active  (in¬ 
side-out)  membrane  vesicles.  The  detergent  treatment  had  resulted  in 
the  "opening"  of  these  membrane  vesicles,  allowing  the  ready  access  of 
substrate  to  the  (Na+  +  K+)-ATPase  active  sites  and  hence  caused  an 
activation  of  the  vesicle  population  which  was  inside-out  (non-active). 
Therefore,  the  increase  in  beef  brain  (Na+  +  K+)-ATPase  activity  by 
deoxycholate  may  perhaps  be  due  to  the  exposure  of  these  latent  enzyme 
active  sites.  If  this  speculation  is  correct  then  the  number  of  ouabain 
binding  sites  must  also  be  increased  as  a  result  of  the  detergent  ex¬ 
traction.  Indeed,  the  exposure  of  additional  ouabain  binding  sites 
after  detergent  extraction  has  been  reported  by  Charnock  et  al.  (1977). 
Thus,  a  good  correlation  between  the  enzyme  specific  activity  and  the 
amount  of  [  H]-ouabain  bound  at  equilibrium  at  37°C,  exists  (Erdmann  and 
Schoner,  1973,  1974;  Charnock  et  al.9  1977). 

If  the  above  explanation  is  correct  then  the  lack  of  activation  of 
crab  nerve  (Na+  +  K+)-ATPase  by  deoxycholate  extraction  should  be  due 
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to  one  or  both  of  the  following  reasons. 

a)  The  majority  (if  not  all)  of  the  membrane  vesicles  contained  in 
the  untreated  enzyme  preparation  were  oriented  right  side-out 
(active) . 

b)  Instead  of  non-leaky  membrane  vesicles,  the  untreated  enzyme 
preparation  contained  non-vesiculated  membrane  fragments  or  per¬ 
haps  the  membrane  vesicles  were  leaky  enough  to  allow  the  ready 
passage  of  enzyme  substrate  into  the  inside-out  (non-active) 
vesicles . 

It  is  possible  that  these  characteristics  of  untreated  membrane  fractions 
enriched  in  (Na+  +  K+)-ATPase  from  crab  axons  are  related  to  its  membrane 
lipid  composition.  However,  since  no  ouabain  binding  studies  on  crab 
nerve  (Na+  +  K+)-ATPase,  before  and  after  extraction  with  deoxycholate 
have  been  carried  out,  these  explanations  remain  speculative. 

(2)  Inhibition  by  Ouabain 

The  results  confirmed  that  there  is  a  marked  difference  between  the 
ID^q  values  to  inhibition  by  ouabain  of  the  two  different  types  of  en¬ 
zyme  preparations  from  beef  brain  and  crab  nerve.  The  polyacrylamide 
gel  electrophoretic  patterns  of  the  two  enzyme  proteins  appeared  to  be 
very  similar  (Fig.  4  and  Fig.  5).  Although  a  major  structural  difference 
between  the  two  proteins  was  not  found  in  the  present  study  it  should  be 
remembered  that  the  gel  electrophoresis  technique  has  several  drawbacks. 
For  example,  different  gel  systems  are  known  to  differ  in  their  resolv¬ 
ing  power  and  the  sensitivity  of  staining  of  proteins  (Dahl  and  Hokin, 
1974).  Therefore,  it  remains  possible  that  a  relatively  small  but 
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decisive  structural  difference  between  the  two  (Na+  +  K+)-ATPase  from 
beef  and  crab  exists  which  was  not  resolved  by  the  gel  system  employed 
in  the  present  study.  Since  a  detailed  study  was  not  carried  out,  the 
present  study  does  not  allow  the  unequivocal  conclusion  that  the  struct¬ 
ure  of  two  enzyme  proteins  are  identical.  Therefore,  although  it  seems 
unlikely,  a  minor  structural  difference  may  be  present  between  the  two 
proteins  and  this  may  in  part  be  responsible  for  the  decreased  ouabain 
sensitivity  observed  in  crab  (Na+  +  K+)-ATPase. 

Theoretically,  the  observed  difference  in  I D^q  values  to  ouabain 
inhibition  may  also  be  explained  by  assuming  the  presence  of  an  endogen- 
ous  inhibitor  of  (Na  +  K  )-ATPase.  This  is  a  possibility  since  it  has 
been  reported  by  Zachowski  etal.  (1977)  and  Lelievre  etal .  (1979)  that 
(Na+  +  K+)-ATPase  isolated  from  murine  plasmocytoma  MOPC  173  ascites 
cells  contains  an  endogenous  inhibitor  which  was  easily  removed  by  ex¬ 
posure  to  1  mM  EDTA.  The  inhibitor  has  been  isolated  and  found  to  be  a 
phospholipid  free  protein  with  a  molecular  weight  of  30,000-34,000  dal- 
tons.  The  incubation  of  EDTA  treated  membrane  fractions  in  the  presence 
of  this  low  molecular  weight  protein  and  exogenous  Ca++  restored  the 
original  resistance  to  ouabain  inhibition  (Lelievre  etal.,  1979).  How¬ 
ever,  the  presence  of  such  an  inhibitor  in  enzyme  preparations  employed 
in  the  present  study  is  very  unlikely  since, 

a)  All  membrane  fractions  enriched  in  (Na+  +  K+)-ATPase  were  pre¬ 
pared  in  buffered  sucrose  solutions  which  contained  either  1  mM 
(beef  brain)  or  2  mM  (crab  nerve)  EDTA. 

b)  When  enzyme  preparations  were  treated  with  detergent,  the  incuba¬ 
tion  mixture  again  contained  EDTA. 
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Thus,  since  the  "inhibitor"  has  been  reported  to  be  solubilized 
upon  exposure  to  EDTA  the  above  procedure(s)  should  result  in  the  removal 
of  the  inhibitor.  However,  even  after  these  treatments  the  value  for 
one-half  maximal  inhibition  to  ouabain  of  the  two  enzyme  preparations 
differed  by  more  than  two  log  units.  Therefore,  it  is  clear  that  the 
decreased  ouabain  sensitivity  of  crab  nerve  (Na+  +  K+)-ATPase  cannot  be 
readily  explained  by  the  presence  of  an  EDTA  sensitive  "endogenous  inhib¬ 
itor". 

(3)  Lipid  Composition 

The  results  indicated  that  crab  nerve  membrane  fractions  enriched 
in  (Na+  +  K+)-ATPase  contained  increased  amount  of  long  chain  polyunsat¬ 
urated  fatty  acids  compared  to  membrane  enzyme  preparations  from  beef 
brain.  In  addition  crab  nerve  enzyme  contained  higher  amount  of  choles- 
terol  than  the  beef  brain  (Na  +  K  )-ATPase.  Cholesterol  is  known  to 
modulate  the  lipid  fluidity  of  membranes  causing  lipids  to  be  less  fluid 
above  the  phase  transition  (T  )  temperature,  whereas  below  the  T  cho- 
les terol  has  been  reported  to  increase  the  membrane  lipid  fluidity 
(Chapman  et  al .,  1979).  According  to  Papahadjopoulos  et  al .  (1973), 
cholesterol  may  be  needed  to  provide  a  generally  stable  membrane  frame¬ 
work  but  seems  to  be  excluded  from  the  lipid  micro-environment  of  the 
(Na+  +  K+)-ATPase.  It  has  also  been  reported  that  the  immediate  lipid 
environment  of  integral  membrane  enzyme  systems  such  as  Ca++-ATPase, 
contain  little  or  no  cholesterol  (Warren  et  al . ,  1975;  Kimelberg,  1976). 
Thus  in  agreement  with  the  observation  of  Charnock  and  Bashford  (1975) 
it  is  possible  that  at  any  given  temperature  the  immediate  lipid 
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environment  of  crab  nerve  (Na+  +  K+)-ATPase  may  be  more  fluid  than  the 
lipids  adjacent  to  the  beef  brain  (Na+  +  K+)-ATPase.  The  difference  in 
membrane  lipid  composition  and  its  resultant  effect  on  lipid  fluidity 
may  well  be  responsible  for  the  decreased  sensitivity  of  crab  nerve 
(Na  +  K  )-ATPase  to  inhibition  by  ouabain.  Therefore,  the  possible 
lipid  modulation  of  ouabain  interaction  with  (Na+  +  K+)-ATPase  was  in¬ 
vestigated  by  the  reconstitution  experiments  discussed  below. 

C.  Reconstitution  into  Liposomes 
(1)  General 

Although  the  incorporation  of  membrane  proteins  into  lipid  vesicles 
can  be  achieved  by  the  "sonication  method"  the  loss  of  activity  that 
accompanies  the  sonication  process  severely  limits  the  use  of  this 
method  for  the  reconstitution  of  membrane  enzyme  systems.  The  results 
summarized  in  Fig.  6  indicated  that  sonication  of  (Na+  +  K+)-ATPase 
caused  complete  loss  of  enzyme  activity  within  a  short  period  of  time. 
Thus,  an  alternative  method  for  the  reconstitution  of  (Na+  +  K+)-ATPase 
into  liposomes  had  to  be  found.  The  incorporation  of  membrane  proteins 
into  lipid  vesicles  can  be  accomplished  by  several  detergent  depletion 
methods.  These  methods  rely  on  the  solubilization  of  lipids  by  deter¬ 
gent  (usually  deoxycholate)  and  the  subsequent  removal  of  the  detergent 
by  either  gel  filtration  or  dialysis:  liposomes  form  spontaneously 
during  this  latter  stage  of  the  procedure.  In  addition  the  reconstitu¬ 
tion  of  membrane  proteins  by  detergent  depletion  using  a  gel  filtration 
procedure  has  been  reported  for  at  least  three  different  membrane  pro¬ 
teins.  They  include,  hog  kidney  aminopeptidase  (Wacker  et  al .,  1976), 
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human  acetylcholinesterase  (Hall  and  Brodbeck,  1978)  and  T(.js\  hydro- 
phobic  peptide  from  MN-glycoprotein  (Allen  et  al . ,  1980). 

Several  workers  (Hall  and  Brodbeck,  1978;  Allen  et  al.,  1980)  have 
reported  that  detergent  depletion  using  gel  filtration  is  a  better 
method  for  the  reconstitution  of  membrane  proteins,  as  there  is  a  more 
complete  removal  of  detergent  by  gel  filtration  of  Sephadex  G-50  than 
could  be  obtained  by  dialysis.  Thus,  the  potential  advantages  of  a  col¬ 
umn  chromatography  technique  for  membrane  reconstitution  over  other 
methods  such  as  dialysis  include, 

a)  Detergent  can  be  removed  very  easily  and  effectively. 

b)  The  percentage  incorporation  of  enzyme  protein  into  liposome 
can  be  much  higher  than  that  achieved  by  dialysis  method  [a 
100%  incorporation  of  acetylcholinesterase  by  gel  filtration 
method  has  been  reported  by  Hall  and  Brodbeck  (1978)]. 

c)  Final  material  can  be  achieved  within  a  relatively  short  period 
of  time  (a  few  hours  compared  to  several  days  by  dialysis 
procedure) . 

(2)  Reconstitution 

The  results  of  this  study  demonstrated  that  the  reconstitution  of 
(Na+  +  K+) -ATPase  into  liposomes  can  be  successfully  achieved  with  al¬ 
most  complete  restoration  of  enzyme  activity  by  the  gel  filtration  tech¬ 
nique.  The  passage  of  enzyme/ deoxycholate/1  i pid  mixture  through  a  column 
of  Sephadex  G-50  resulted  in  the  incorporation  of  (Na+  +  K+) -ATPase  into 
the  bi layer  structure  of  liposomes.  This  step  also  resulted  in  complete 
removal  of  deoxycholate .  The  separation  of  detergent  from  ATPase- 
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liposomes  was  followed  by  using  labelled  deoxycholate.  Hall  and 
Brodbeck  reported  that  Sephadex  G-50  gel  filtration  of  lipid/detergent/ 
protein  mixture  resulted  in  99.97%  removal  of  the  detergent  from  the 
lipid.  According  to  Allen  et  al.  (1980)  liposomes  prepared  by  gel  fil¬ 
tration  method  may  retain  as  few  as  10  molecules  of  deoxycholate  per 
1000  molecules  of  phospholipid  after  one  column  passage.  However,  in 
the  present  study  it  was  found  that  the  ATPase-1 i posomes  contained  no 
detectable  amount  of  [^C]-deoxychol  ate . 

-f. 

The  (Na  +  K  )-ATPase  used  in  the  preliminary  experiments  was  lab- 

3 

elled  with  [  H]-ouabain.  This  enzyme-inhibitor  complex  was  formed  as  a 

■f*  ■+■ 

method  for  tracking  the  (Na  +  K  )-ATPase  protein  (in  a  "mixture"  of 
impure  proteins).  The  void  volume  of  Sephadex  G-50  contained  liposomes 
and  enzyme-ouabain  complex  (Fig.  7;  fractions  14-19)  whereas  deoxychol¬ 
ate  was  eluted  at  a  much  later  stage  (Fig.  7;  fractions  31-52).  This  is 
not  surprising  since  the  gel  filtration  is  based  on  the  separation  of 
molecules  according  to  size.  Therefore  both  liposomes  and  (Na+  +  K+)- 
ATPase  having  a  molecular  weight  above  the  exclusion  limit  of  Sephadex 
G-50  (about  38,000  dal  tons)  appeared  in  the  void  volume.  In  contrast, 
the  elution  of  free  ouabain  which  was  not  bound  to  (Na+  +  K+)-ATPase  was 
retarded  due  to  its  low  molecular  weight.  Thus,  the  second  tritium  peak 
which  was  much  larger  in  size  was  due  to  free  [  H]-ouabain  (Fig.  7; 
fractions  26-52) . 

Since  100%  incorporation  of  (Na+  +  K+)-ATPase  into  liposomes  was 
not  achieved,  the  void  volume  of  Sephadex  G-50  (Fig.  7;  fractions  14-19) 
contained  incorporated  enzyme  as  well  as  free  enzyme  protein  which  was 
not  incorporated  into  the  lipid  bi layer  structure  of  liposomes.  However, 
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based  on  the  total  protein  content,  70-80%  incorporation  of  (Na+  +  K+)- 
ATPase  into  liposomes  was  achieved  in  the  present  study.  In  addition  to 
the  incorporated  and  non-incorporated  enzyme  the  Sephadex  G-50  void  vol¬ 
ume  contained  free  liposomes  which  did  not  contain  any  protein.  The 
concentration  by  centrifugation  of  Sephadex  G-50  void  volume  resulted  in 
the  separation  of  free  liposomes  from  the  free  and  incorporated  enzyme. 
Upon  centrifugation  the  (Na+  +  K+)-ATPase  that  had  been  incorporated 
into  liposomes  and  free  (Na+  +  K+)-ATPase  were  sedimented  as  a  firm  pel¬ 
let,  while  free  liposomes  stayed  in  the  supernatant.  Subsequently  the 
free  enzyme  was  separated  from  the  incorporated  enzyme  by  fractionating 
the  concentrated  Sephadex  G-50  void  volume  on  a  column  of  Sepharose 
4B-CL.  The  (Na+  +  K+)-ATPase  incorporated  into  liposomes  was  eluted  in 
the  void  volume  (Fig.  8;  fractions  12-24)  whereas  the  free  enzyme  was 
eluted  from  the  Sepharose  column  at  a  later  stage  (Fig.  8;  fractions 
32-40). 

The  incorporation  of  (Na+  +  K+)-ATPase  protein  into  liposomes  had 
resulted  in  a  marked  increase  in  the  size  of  the  (Na+  +  K+)-ATPase  com¬ 
pared  to  the  free  enzyme  protein  molecule.  These  ATPase-1 i posomes  were 
large  enough  to  exceed  the  exclusion  limit  of  Sepharose  4B-CL  and  thus 
eluted  in  the  void  volume.  In  contrast,  the  free  enzyme  protein  was 
trapped  in  the  gel  beads  and  eluted  at  a  later  stage.  Therefore,  an 
excellent  separation  of  ATPase-1 i posomes  from  free  (Na  +  K  )-ATPase  was 
achieved.  However,  another  possibility  was  that  (Na+  +  K+)-ATPase  was 
eluted  in  the  Sepharose  void  volume  not  because  it  had  been  incorporated 
into  lipid  bilayer  vesicles  but  merely  due  to  the  aggregation  of  (Na+  + 
K+)-ATPase  protein.  The  aggregated  enzyme  proteins  may  be  able  to 
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exceed  the  exclusion  limit  of  Sepharose  4B-CL  and  thus  would  be  eluted 
in  the  void  volume.  This  latter  possibility  was  ruled  out  and  the  in¬ 
corporation  of  (Na+  +  K+)-ATPase  into  liposomes  was  established  by  dens¬ 
ity  gradient  centrifugation  of  Sepharose  4B-CL  void  volume  on  sucrose. 

The  co-appearance  of  liposomes  and  enzyme-ouabain  complex  only  on  the 
top  of  the  gradient  demonstrated  that  the  enzyme  protein  had  been  incorp¬ 
orated  into  lipid  bi layer  vesicles. 

The  relatively  broad  distribution  of  ATPase-liposomes  eluted  in  the 
void  volume  (Fig.  8;  fractions  12-24)  indicated  that  they  were  hetero¬ 
geneous  in  size.  This  observation  was  later  confirmed  by  electron  mic¬ 
roscopy  which  revealed  that  ATPase-liposomes  had  a  structure  of  primar¬ 
ily  unilamellar  vesicles  ranging  between  50-100  nm  in  diameter.  These 
vesicles  were  of  similar  size  to  those  previously  described  by  other 
workers  (Wacker  et  al*9  1976;  Hall  and  Brodbeck,  1978). 

Aggregation  of  (Na+  +  K+)-ATPase  was  seen  when  the  exogenous  phos¬ 
pholipid  was  left  out  from  the  enzyme/ deoxycho late  mixture.  The  chroma¬ 
tography  of  enzyme/detergent  mixture  over  a  Sephadex  G-50  column  (control 
experiment)  had  produced  elution  profiles  of  enzyme-ouabain  complex, 
free  ouabain  and  deoxycho! ate  which  were  all  very  similar  (Fig.  10)  to 
those  seen  in  the  "test"  experiment  (Fig.  7).  However,  since  exogenous 
phospholipid  was  not  used  the  total  P.  content  present  in  the  Sephadex 
G-50  void  volume  (Fig.  10;  fractions  13-18)  was  much  less  than  that  in 
the  test  experiment  (Fig.  7).  The  fractionation  of  concentrated  Sepha¬ 
dex  G-50  void  volume  on  a  column  of  Sepharose  4B-CL  also  resulted  in  an 
elution  profile  of  enzyme-ouabain  complex  (Fig.  11)  similar  to  that  of 
the  "test"  experiment  (Fig.  8).  For  instance  the  Sepharose  void  volume 
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(Fig.  11;  fractions  12-17)  indicated  the  presence  of  enzyme -ouabai n 
complex.  In  addition  fractions  31-37  also  appeared  to  contain  the 
enzyme-ouabain  complex  which  represented  the  non-incorporated  (free) 
enzyme.  However,  since  no  exogenous  phospholipid  was  used,  the  enzyme 
protein  eluted  at  the  void  volume  (Fig.  11;  fractions  12-17)  cannot  be 
due  to  (Na+  +  K+)-ATPase  that  had  been  incorporated  into  liposomes. 
However,  this  can  be  explained  by  assuming  that  in  the  absence  of  exo- 
genous  lipid,  the  (Na  +  K  )-ATPase  protein  had  formed  aggregates  which 
were  large  enough  to  be  excluded  from  the  Sepharose  4B-CL  column.  This 
speculation  was  confirmed  from  the  results  of  the  sucrose  density  gradi¬ 
ent  centrifugation  experiment  (Fig.  12).  In  contrast  to  the  (Na+  +  K+)- 
ATPase  reconstituted  into  liposomes  (Figs.  7,  8  and  9)  the  final  material 
obtained  from  the  control  experiment  (Fig.  10  and  Fig.  11)  appeared  to 
have  an  increased  density  (Fig.  12).  The  enzyme-ouabain  complex  had 
travelled  deeper  into  the  sucrose  gradient  compared  to  the  (Na+  +  K+)- 
ATPase  reconstituted  into  liposomes  which  appeared  only  on  the  top  of 
the  gradient  (Fig.  9).  These  results  indicated  that  in  the  absence  of 
exogenous  lipid  the  (Na+  +  K+)-ATPase  had  formed  aggregates.  The  aggre¬ 
gation  had  resulted  in  increased  size  and  density  of  (Na+  +  K+)-ATPase 
which  in  turn  resulted  in  the  penetration  of  enzyme  protein  deeper  into 
the  sucrose  gradient,  compared  to  ATPase-1 i posomes . 

(3)  Orientation 

It  was  observed  that  externally  added  ouabain  caused  a  complete  in¬ 
hibition  of  (Na+  +  K+)-ATPase  activity  of  ATPase-1 i posomes .  In  addition 
reconstituted  preparations  exhibited  similar  ID5Q  values  to  inhibition 
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by  ouabain  compared  to  the  native  enzyme  preparations.  Therefore,  it 
could  be  assumed  that  the  majority  of  the  (Na+  +  K+)-ATPase  molecules 
had  oriented  right  side-out  (i.e.  ouabain  binding  site  is  on  the  out 
side)  in  these  liposomes.  According  to  Hall  and  Brodbeck  (1978),  re¬ 
constitution  of  acetylcholinesterase  into  lecithin  liposomes  by  gel 
filtration  of  Sephadex  G-50  had  resulted  in  the  location  of  about  80% 
of  the  enzyme  protein  in  the  out  side  of  liposomes  (i.e.  right  side- 
out).  However,  another  serious  possibility  is  that  enzyme  protein  was 
oriented  in  both  ways  (i.e.  right  side  out  and  inside  out)  but  extern¬ 
ally  added  ouabain  was  still  effective  in  inhibiting  the  enzyme  activity 
because  the  vesicles  were  leaky.  This  would  allow  the  quick  diffusion 
of  external  ouabain  and  enzyme  substrates  into  the  vesicles.  Since  no 
leakage  experiments  were  carried  out,  the  exact  orientation  of  (Na+  + 
K+)-ATPase  protein  in  these  ATPase-1 i posomes  is  not  known. 

(4)  Effect  on  Specific  Activity 

The  results  of  preliminary  experiments  had  indicated  that  (Na+  + 
K+)-ATPase  can  be  incorporated  into  egg  phosphatidylcholine  liposomes 
with  only  10-20%  loss  of  initial  enzyme  activity.  The  exogenous  phos¬ 
pholipid  appeared  to  protect  the  enzyme  against  denaturation  from  de- 
oxycholate.  This  was  evident  from  the  results  of  control  experiments 
since  in  the  absence  of  exogenous  phospholipids,  the  final  material  was 
devoid  of  (Na+  +  K+)-ATPase  activity. 

The  %(Na+  +  K+)-ATPase  activity  retained  in  the  reconstituted  en¬ 
zyme  preparations  was  found  to  be  related  to  the  amount  of  deoxycholate 
used  to  solubilize  the  exogenous  lipid.  When  somewhat  higher  amounts  of 
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deoxycholate  were  required  to  dissolve  the  lipid  film,  this  was  parallel¬ 
ed  by  an  increased  loss  of  (Na+  +  K+)-ATPase  activity.  Similarly,  when 
the  (Na  +  K  )-ATPase  was  reconstituted  into  liposomes  by  the  serial 
substitution  method,  the  t  loss  of  (Na+  +  K+)-ATPase  activity  was  much 
higher  than  that  observed  after  a  single  substitution.  It  should  be  re¬ 
called  that  this  serial  substitution  procedure  involved  the  exposure  of 
(Na+  +  K+)-ATPase  to  deoxycholate/1 i pid  mixtures  not  once,  but  three 
times.  Although  the  exact  mechanism  by  which  deoxycholate  inactivates 
the  (Na  +  K  )-ATPase  is  not  known,  it  is  possible  that  higher  concen¬ 
trations  of  detergent  result  in  the  dissociation  of  the  two  polypeptide 
subunits  of  the  (Na  +  K  )-ATPase  protein. 

In  all  instances,  the  reconstitution  of  (Na  +  K  )-ATPase  into 
liposomes  resulted  in  a  decrease  in  the  associated  Mg++-ATPase  activity. 
In  many  instances  this  was  not  accompanied  by  a  decrease  in  the  (Na+  + 
K+)-ATPase  activity  to  a  similar  extent.  Thus,  the  final  effect  was  a 
reconstituted  enzyme  preparation  with  an  increased  sensitivity  to  inhib¬ 
ition  by  ouabain  (on  a  percentage  basis)  compared  to  the  native  enzyme. 
This  decrease  in  Mg++-ATPase  content  during  the  reconstitution  procedure 
may  be  explained  as  follows.  The  exposure  of  membrane  fractions  enriched 
in  (Na+  +  K+)-ATPase  to  li pid-deoxycholate  mixture  may  result  in  the 
extraction  of  "loosely  bound"  Mg++-ATPase  protein.  Thus,  the  subsequent 
steps  which  involved  the  gel  filtration  and  centrifugation  procedures 
would  result  in  the  separation  of  this  "extracted"  Mg++-ATPase  from 
(Na+  +  K+)-ATPase  protein.  Therefore,  the  reconstituted  enzyme  prepara¬ 
tions  exhibited  less  Mg++-ATPase  activity  compared  to  native  enzyme 
preparations . 
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D.  Effect  of  Ouabain  on  Reconstituted  Preparations 

The  information  presented  in  the  Introduction  section  of  this  dis¬ 
sertation  indicated  that  there  is  much  conflicting  evidence  in  the  lit¬ 
erature  as  to  the  role  of  phospholipids  in  ouabain  binding  to  (Na+  +  K+)- 
ATPase.  However,  it  is  now  generally  agreed  that  the  lipids  of  biologic¬ 
al  membranes  exert  a  regulatory  effect  upon  the  behaviour  of  many  integral 
membrane  enzyme  systems  such  as  (Na+  +  K+)-ATPase.  The  results  presented 
in  this  thesis  suggest  that  membrane  lipids  are  capable  of  modulating  the 
ouabain  sensitivity  of  (Na+  +  K+)-ATPase  -  that  is  the  drug/receptor 
properties  of  this  important  system.  For  example,  the  results  indicated 
that  the  method  used  for  the  reconstitution  of  (Na+  +  K+)-ATPase  into 
liposomes  had  no  effect  on  the  cardiac  glycoside  receptor  properties  of 
this  enzyme  system.  Therefore,  beef  brain  (Na+  +  K+)-ATPase  when  recon¬ 
stituted  into  beef  lipid  liposomes  yielded  an  I value  for  inhibition 
by  ouabain  similar  to  that  of  the  native  enzyme  (Fig.  2,  Fig.  15,  and 
Fig.  16).  Similarly,  crab  nerve  (Na+  +  K+)-ATPase  reconstituted  into  a 
matrix  of  crab  lipid  was  found  to  have  similar  cardiac  glycoside  receptor 
properties  as  the  native  enzyme  (Fig.  3  and  Fig.  21). 

The  possible  lipid  modulation  of  ouabain  sensitivity  of  (Na+  +  K+)- 
ATPase  was  sought  by  incorporating  both  beef  brain  and  crab  nerve  enzyme 
preparations  into  phosphatidylcholine  (egg)  liposomes.  Although  the 
reconstituted  preparations  retained  80-90%  of  the  activity  of  native 
enzyme  preparations,  it  was  observed  that  egg  phosphatidylcholine  had  no 

4.  + 

effect  in  altering  the  ouabain  inhibitory  properties  of  (Na  +  K  )- 
ATPase  from  both  beef  and  crab.  Therefore,  it  is  clear  that  activation 
of  lipid  depleted  (Na+  +  K+)-ATPase  by  a  particular  phospholipid  does 
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not  necessarily  mean  that  it  has  a  modulating  effect  upon  the  ouabain 
sensitivity  of  the  (Na+  +  K+)-ATPase  enzyme  system.  In  other  words,  a 
phospholipid  may  be  effective  in  reactivating  the  lipid  depleted  enzyme 
but  may  completely  be  without  effect  in  altering  the  cardiac  glycoside 
receptor  properties  of  the  native  (Na+  +  K+)-ATPase  preparation. 

The  role  of  PC  in  reactivating  the  lipid  depleted  (Na+  +  K+)-ATPase 
has  been  reported  by  other  workers.  Palatini  et  at.  (1977)  reported 
that  PC  was  without  effect  in  restoring  the  activity  of  lipid  depleted 
(Na+  +  K+)-ATPase  unless  negative  charges  were  introduced  into  the  lipo¬ 
some  bilayer.  Similarly,  Mandersloot  et  al.  (1978)  found  phosphatidyl¬ 
choline  to  be  effective  only  if  cholate  was  present  during  reconstitu¬ 
tion.  They  speculated  that  the  presence  of  cholate  induces  the  necess¬ 
ary  negative  charge  on  the  lipid  bi layer  structure  thus  making  PC 
effective.  Conversely,  Hilden  and  Hokin  reported  that  PC  can  replace 
endogenous  lipids  of  (Na+  +  K+)-ATPase  maintaining  the  coupled  transport 
of  Na  and  K  .  The  observations  reported  in  this  thesis  that  (Na  +  K  )- 
ATPase  can  be  incorporated  into  phosphatidylcholine  liposomes,  in  an 
active  form  are  in  agreement  with  those  of  Hilden  and  Hokin  (1976). 
Therefore,  phosphatidylcholine  may  be  effective  in  replacing  the  endo¬ 
genous  phospholipids  of  (Na+  +  K+)-ATPase  maintaining  the  enzyme  activi¬ 
ty  or  alternatively  these  results  may  be  due  to  one  or  both  of  the  fol¬ 
lowing  reasons. 

a)  The  reconstituted  preparations  retained  relatively  high  amounts 
of  endogenous  phospholipids. 

b)  The  ATPase-1  iposomes  contained  small  amounts  of  deoxycholate 
which  induced  the  necessary  negative  charge  on  the  lipid 
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structure,  thus  making  PC  effective. 

Although  it  is  unlikely  that  the  results  reported  in  this  thesis 
were  due  to  one  or  both  of  the  above  factors,  further  experiments  are 
needed  to  completely  rule  out  these  possibilities. 

However,  the  results  of  biological  "cross-over"  experiments  strong¬ 
ly  suggest  that  the  ouabain  sensitivity  of  (Na+  +  K+)-ATPase  is  regulat¬ 
ed  by  the  membrane  lipids.  The  beef  brain  (Na+  +  K+)-ATPase  which  was 
more  than  100  fold  more  sensitive  to  ouabain  inhibition  than  the  crab 
enzyme,  became  less  sensitive  to  ouabain  inhibition  when  it  was  intro¬ 
duced  into  a  crab  lipid  environment.  Moreover,  when  the  endogenous 
lipids  of  beef  enzyme  were  replaced  with  crab  lipid  liposomes  by  the 
serial  substitution  method,  the  shift  in  the  dose-response  curve  was 
even  more  pronounced  (Fig.  18  and  Fig.  19).  The  I D^q  value  of  this 
latter  reconstituted  preparation  differed  from  the  ID^g  value  of  control 

preparation  by  almost  one  log  unit  (Fig.  16  and  Fig.  19).  In  addition, 

+  + 

crab  nerve  (Na  +  K  )-ATPase  reconstituted  into  beef  lipid  liposomes  was 
found  to  be  more  sensitive  to  ouabain  inhibition  than  the  native  enzyme 
(Fig.  21,  Fig.  23  and  Fig.  24).  From  these  observations  the  following 
conclusions  can  be  made, 

a)  The  first  shift  seen  in  the  dose-response  curve  to  ouabain  inhi¬ 
bition  of  single  substituted  enzyme  preparations  may  be  due  to 
the  change  in  the  bulk  lipid. 

b)  The  beef  brain  (Na+  +  K+)-ATPase  may  contain  an  annular  lipid 
layer  which  is  not  easily  replaceable.  However,  this  layer  of 
endogenous  lipid  can  be  replaced  with  exogenous  lipids  by  the 
serial  substitution  method. 


■h  3  -.w  '  b|&  a*  ,  .  ’ 


168 


c)  Therefore,  the  more  pronounced  effects  seen  when  endogenous 
lipids  of  beef  brain  enzyme  were  serially  substituted  with  crab 
lipids  may  perhaps  represent  the  removal  of  the  annular  lipid 
layer  of  beef  brain  (Na+  +  K+)-ATPase. 

Many  investigators  believe  that  integral  proteins  of  cell  membranes 
have  a  closely  associated  layer  of  lipid  adjacent  to  them.  Various 
terms  have  been  used  to  describe  this  layer  of  lipid  including  "boundary 
layer"  lipid  (Jost  et  al .,  1973),  "halo"  lipid  (Trauble  and  Overath, 

1973;  Stier  and  Sackmann,  1973)  and  "annular"  lipid  (Warren  et  al •» 

1975).  All  these  workers  assumed  that  a  rigid  or  immobilised  lipid  shell 
exists  separating  the  integral  proteins  from  the  adjacent  bulk  lipid 
pool.  One  can  assume  that  the  primary  function  of  such  a  lipid  annulus 
is  to  seal  the  protein  into  the  bi layer  and  the  annulus  may,  depending 
upon  the  protein,  either  segregate  lipids  essential  for  activity  (Houslay 
et  al .,  1975)  or  exclude  inhibitory  lipids  (Warren  et  al . ,  1975). 

Hesketh  (1976)  suggested  that  this  lipid  layer  excludes  cholesterol.  In 
addition  the  rate  of  exchange  between  annular  lipid  and  bulk  lipid  is 
thought  to  be  slow,  even  when  the  bulk  lipid  is  fluid.  However,  in  a 
recent  review  Chapman  et  al.  (1979)  argued  that  recent  NMR  experiments 
do  not  support  the  concept  of  boundary  layers  of  lipids  or  annular  lip¬ 
ids  which  lead  to  long  lived  "lipid  shells"  which  regulate  enzyme  activ¬ 
ity.  In  addition  Chapman  and  his  colleaugues  cautioned  that  ESR  data 
showing  an  "immobile  component"  may  well  be  due  to  other  effects  such  as 
high  microviscosity  of  trapped  lipid,  the  specific  attachment  of  the  ESR 
probe  to  the  protein  or  formation  of  aggregates  of  high  protein  to  lipid 
content  (Pink  and  Chapman,  1979;  Chapman  et  al . ,  1979;  Rice  et  al.> 
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1979).  Thus,  although  the  current  status  of  the  existence  of  such  lipid 
annulus  around  intrinsic  proteins  is  debatable,  the  observations  reported 
in  this  thesis  may  be  explained  by  assuming  the  presence  of  such  boundary 
layer  of  lipid. 

The  cardiac  glycoside  receptor  properties  of  crab  nerve  (Na+  +  K+)- 
ATPase  changed  when  this  enzyme  was  introduced  into  a  beef  lipid  envir¬ 
onment.  The  reconstituted  preparations  became  more  sensitive  to  inhibi¬ 
tion  by  ouabain.  However,  unlike  the  observation  with  the  beef  brain 
(Na+  +  K+)-ATPase,  serial  substitution  of  endogenous  lipids  of  crab  en¬ 
zyme  with  beef  lipid  liposomes  did  not  result  in  a  further  shift  in  the 
dose-response  curve  to  ouabain  inhibition  (Fig.  23  and  Fig.  24).  This 
may  perhaps  be  due  to  either, 

a)  The  "annular"  lipids  of  crab  nerve  (Na+  +  K+)-ATPase  are  more 
tightly  bound  than  those  of  beef  brain  enzyme  and  thus  not  re¬ 
placeable  by  even  the  serial  substitution  method. 


OR 


b)  The  "annular"  lipid  layer  of  crab  nerve  enzyme  is  more  loosely 
bound  than  those  of  beef  enzyme,  thus  single  substitution  re¬ 
sults  in  a  complete  replacement  of  the  endogenous  lipids. 

Since  no  lipid  analysis  studies  were  done  on  these  single  and  serially 
substituted  preparations,  the  answer  remains  speculative. 
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It  is  known  that  the  membrane  lipids  of  poikilotherms  contain  rela¬ 
tively  high  proportion  of  unsaturated  fatty  acids  and  thus  would  be  more 
disordered  than  the  lipids  in  membranes  of  homeotherms  (Richardson  and 
Tappel,  1962).  A  similar  observation  was  made  in  the  present  study  as 
there  was  a  marked  increase  in  the  polyunsaturated  fatty  acids  content 
of  crab  nerve  (Na+  +  K+)-ATPase  compared  to  enzyme  from  beef  brain  (Na+  + 
K+)-ATPase  (Table  2b).  Therefore,  it  should  be  correct  to  assume  that 
beef  brain  (Na+  +  K+)-ATPase  when  reconstituted  into  crab  lipid  liposomes 
was  embedded  in  a  more  fluid  environment  than  the  native  enzyme.  Simil¬ 
arly,  crab  nerve  enzyme  when  introduced  into  a  less  fluid  lipid  environ¬ 
ment  than  the  native  preparation  (i.e.  by  reconstituting  into  beef  lipid 
liposomes),  became  more  sensitive  to  inhibition  by  ouabain.  Thus,  the 
ouabain  sensitivity  of  (Na+  +  K+)-ATPase  may  be  related  to  the  "fluidity" 
of  the  membrane  in  that  as  the  fluidity  of  the  membrane  is  increased  the 
sensitivity  to  inhibition  by  ouabain  is  decreased,  and  vice  versa.  On 
the  other  hand  it  seems  very  likely  that  the  interaction  of  ouabain  with 
(Na+  +  K+)-ATPase  is  dependent  on  the  length  of  the  fatty  acyl  chain  of 
phospholipid  surrounding  the  protein. 

E.  Effects  of  Lipid  Fluidity 
(1)  General 

The  results  discussed  so  far  strongly  suggest  that  membrane  lipids 
are  capable  of  modulating  the  ouabain  interaction  properties  of  (Na+  + 
K+)-ATPase  enzyme  system.  One  membrane  property  which  might  be  expected 
to  influence  the  behaviour  of  membrane  bound  enzymes  is  phospholipid 
phase  state  or  fluidity.  Evidence  that  membrane  receptors,  enzymes  and 
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transport  proteins  are  affected  by  lipid  fluidity  has  been  reported 
(Papahadjopoulos  et  al .,  1973;  Shattil  et  al .,  1975;  Warren  et  al . , 

1975;  Wiley  and  Cooper,  1975;  Shinitzky  and  Inbar,  1976).  Fluidity  is 
a  descriptive  term  used  to  express  the  relative  motional  freedom  of  the 
membrane  lipid  molecules  and  protein  substituents.  It  conveys  the  idea 
that  the  overall  structure  of  the  membrane  is  dynamic  rather  than  static 
(Singer  and  Nicolson,  1972). 

It  has  been  reported  that  in  biological  membranes  the  degree  of 
"fluidity"  is  a  direct  reflection  of  the  transition  temperature  of  the 
lipids  (Chapman,  1975).  The  appropriate  phase  transition  of  lipids  will 
therefore  determine  the  correct  fluidity  of  a  cell  membrane  and  also  the 
correct  lipid  phase  separation  characteristics.  These  in  turn  can 
affect  membrane  elasticity,  the  insertion,  aggregation  and  diffusional 
movements  of  the  protein  and  lipid  components  as  well  as  permeability 
characteristics  (Papahadjopoulos  et  al .,  1974;  Trauble  and  Eible,  1974; 
Chapman,  1975;  Sinensky  et  al .,  1979a).  From  the  information  discussed 
above  it  seems  possible  that  the  ouabain  sensitivity  of  (Na+  +  K+)- 
ATPase  is  modulated  by  the  "fluidity"  of  the  membrane  lipids.  Thus  the 
effects  of  changes  in  membrane  lipid  fluidity  on  ouabain  inhibition  of 
beef  brain  (Na  +  K  )-ATPase  was  studied  by  using  a  series  of  synthetic 
phosphatidylcholines  with  defined  fatty  acid  composition. 

(2)  Effect  on  Specific  Activity 

The  results  reported  suggest  that  degree  of  membrane  fluidity  can 
determine  the  catalytic  activity  of  (Na+  +  K+)-ATPase.  There  appears 
to  be  a  direct  relationship  between  the  phase  transition  temperature 
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of  membrane  lipids  on  the  one  hand  and  ouabain  inhibi table  ATPase  activ¬ 
ity  on  the  other  (Fig.  31).  There  was  no  loss  of  (Na+  +  K+) -ATPase 
occurred  when  enzyme  protein  was  reconstituted  into  two  cis  unsaturated 
phosphatidylcholine  (DOPC;  Tc,  -22°C)  liposomes  (Table  18).  Similarly, 
enzyme  preparations  reconstituted  into  either  l-palmito,2-oleoyl-PC 
(Tc,  -5°C)  or  DMPC  (Tc,  +23°C)  retained  about  70%  of  initial  (Na+  +  K+)- 
ATPase  activity.  In  contrast,  reconstitution  of  ATPase  protein  into 
either  DPPC  (Tc,  +41  °C)  or  DSPC  (Tc,  +-58°C)  liposomes  resulted  in  a 
considerable  loss  of  enzyme  activity,  as  the  reconstituted  preparations 
retained  only  20-35%  of  the  initial  (Na+  +  K+) -ATPase  activity  (Tables 
19  and  21).  The  decreased  %  ouabain  sensitivity  observed  with  either 
DPPC  (Table  19)  or  DSPC  (Table  21)  reconstituted  preparations  was  due 
to  the  fact  that  these  phospholipids  selectively  decreased  the  activity 
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of  (Na  +  K  ) -ATPase  without  affecting  the  associated  Mg  -ATPase  act¬ 
ivity.  Therefore,  these  reconstituted  preparations  had  a  decreased  % 
ATPase  sensitive  to  ouabain  compared  to  the  native  enzyme  preparations 
(Tables  19  and  21 ) . 

All  the  ATPase  assays  were  carried  out  at  37°C.  Therefore  it  would 
be  correct  to  assume  that  at  the  assay  temperature  DOPC,  1-palmito- 
2-oleoyl-PC  and  DMPC  reconstituted  systems  all  had  completed  their  phase 
transitions  and  existed  only  in  the  liquid-crystalline  state  while  DPPC 
and  DSPC  reconstituted  systems  were  in  the  gel  state.  It  is  evident 
from  the  data  presented  that  an  appropriate  fluid  environment  is  essent¬ 
ial  for  the  proper  maintenance  of  the  ouabain  sensitive  ATPase  activity. 
In  the  absence  of  proper  lipid  milieu,  such  as  the  case  of  either  DPPC 
or  DSPC  reconstituted  preparations  at  37°C,  the  state  of  enzyme  molecule 
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.  31.  Correlation  between  the  effect  of  membrane  lipid  fluidity  and 
the  specific  activity  of  beef  brain  (Na+  +  K+)-ATPase  reconsti¬ 
tuted  into  various  synthetic  phosphatidylcholine  liposomes. 
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becomes  such  that  it  would  not  support  the  (Na+  +  K+)-stimulated  hydro¬ 
lysis  of  ATP.  Gel  state  of  lipid  milieu  would  produce  a  hindrance  on 
conformational  changes  required  for  catalytic  activity.  This  was  further 
supported  by  the  observation  that  serially  substituted  preparations  of 
(Na+  +  K+) -ATPase  with  either  DPPC  or  DSPC,  retained  little  or  no  oua¬ 
bain  sensitive  ATPase  activity  (Tables  20  and  22).  Although  some  di¬ 
rect  inhibition  of  (Na+  +  K+)-ATPase  protein  by  deoxycholate  is  present, 
this  alone  will  not  account  for  the  complete  loss  of  (Na+  +  K+)-ATPase 
activity  of  these  serially  substituted  preparations.  This  is  evident 
from  the  fact  that  the  endogenous  lipids  of  beef  brain  enzyme  can  be 
serially  replaced  by  either  beef  or  crab  lipid  liposomes  without  com¬ 
plete  loss  of  enzyme  activity  (Tables  6  and  9). 

The  ability  of  (Na+  +  K+) -ATPase  protein  to  function  (although  at 
much  reduced  rates),  below  the  T  of  surrounding  lipids,  as  in  the  case 

V 

with  DPPC  or  DSPC  reconstituted  systems  (Tables  19  and  21)  can  be  ex¬ 
plained  as  follows.  As  mentioned  earlier,  the  (Na+  +  K+) -ATPase  protein 
may  be  surrounded  by  a  lipid  annulus  which  is  not  easily  replaceable. 
Therefore,  after  single  substitution  with  either  DPPC  or  DSPC  the  ATPase 
protein  may  phase  separate  with  more  fluid  lipid  (i.e.  with  its  lipid 
annulus)  at  37°C,  which  was  below  the  phase  transition  temperature  of 
the  bulk  lipid  pool  of  these  reconstituted  preparations.  It  can  be 
speculated  that  in  situ  the  immediate  lipid  environment  of  beef  brain 
(Na+  +  K+) -ATPase  is  more  fluid  than  the  bulk  lipid  and  requires  a  lower 
temperature  for  the  transition.  The  idea  of  a  more  fluid  enzyme  micro¬ 
environment  is  also  supported  by  the  finding  of  Grisham  and  Barnett  that 
a  highly  purified  (Na+  +  K+)-ATPase  had  a  more  fluid  membrane  than  the 
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original  microsomes.  In  addition,  increased  fluidity  of  the  lipid 
micro-environment  of  ATPase  protein  compared  to  bulk  lipids  has  been 
reported  for  the  rat  basolateral  membrane  (Na+  +  K+) -ATPase,  (Brasitus 
and  Schachter,  1 980) . 

The  annular  lipid  shell  of  beef  brain  (Na+  +  K+)-ATPase  appears  to 
be  replaceable  with  exogenous  phospholipids  by  the  serial  substitution 
method.  The  replacement  of  this  annular  lipid  layer  with  a  phospholipid 
which  exists  in  the  gel  state  results  in  a  complete  loss  of  (Na+  +  K+)- 
ATPase  activity.  Therefore,  the  loss  of  activity  of  serially  substituted 
preparations  of  beef  brain  (Na+  +  K+) -ATPase  with  either  DPPC  or  DSPC 
would  be  due  to  the  apparent  lack  of  fluidity  of  the  lipid  micro-environ¬ 
ment  of  ATPase  protein. 

In  contrast  with  (Na+  +  K+)-ATPase,  the  associated  Mg++-ATPase  act¬ 
ivity  of  reconstituted  preparations  remained  unchanged,  before  and  after 
reconstitution  into  liposomes  composed  of  defined  fatty  acid  composition. 
The  decrease  in  Mg++-ATPase  activity  observed  in  serially  substituted 
preparations  (Tables  20  and  22)  is  most  likely  to  be  due  to  a  direct 
effect  of  deoxycholate  upon  the  protein.  Thus,  these  results  suggest 
that  membrane  bound  Mg++-ATPase  is  relatively  insensitive  to  changes  in 
membrane  lipid  fluidity.  In  accord  with  this  hypothesis  Gordon  et  dl* 
(1980)  reported  that  the  membrane  bound  Mg++-ATPase  is  insensitive  to 
changes  in  the  lipid  fluidity  achieved  by  the  local  anaesthetic,  benzyl 
alcohol . 

As  reported  by  several  other  investigators  (Kimelberg  and  Papahad- 
jopoulos,  1972;  Charnock  et  al .,  1973;  Papahadjopoulos  et  al .,  1973; 
Kimelberg  and  Papahadjopoulos,  1974;  Sinensky  et  al .,  1979b;  Gordon 
et  al .,  1980),  the  results  discussed  so  far  clearly  suggest  that  the 
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physical  state  of  the  phospholipids  or  hydrocarbon  fluidity  of  the  memb¬ 
rane  is  an  important  determinant  in  the  activity  of  (Na+  +  K+)-ATPase. 
The  necessity  of  a  fluid  state  of  membrane  lipid  matrix  for  optimal  act¬ 
ivity  of  (Na+  +  K+)-ATPase  is  not  surprising  since  this  enzyme  system  is 
involved  in  the  transport  of  cations  across  cell  membranes  and  thus  ex¬ 
pected  to  possess  extensive  conformational  mobility.  The  fluidity  of 
the  acyl  chains  of  phospholipids  in  the  membrane  provides  the  required 
motional  freedom  allowing  the  (Na  +  K  )-ATPase  protein  to  undergo  con¬ 
formational  changes  associated  with  its  activity.  According  to  Gordon 
et  dl.  (1980)  the  changes  in  bulk  membrane  lipids  would  be  expected  to 
act  on  all  membrane  bound  enzyme  proteins,  and  the  selectivity  of  this 
effect  would  lie  at  the  level  of  the  protein  and  its  shell  of  annular 
lipid.  These  speculations  may  perhaps  be  supported  by  the  observations 
reported  in  this  thesis,  since  (Na  +  K  )-ATPase  and  Mg  -ATPase  were 
found  to  be  affected  differently  to  changes  in  the  membrane  lipid  fluid¬ 
ity. 

The  results  of  this  study  support  prior  reports  (Kimelberg,  1976; 
Kimelberg,  1977)  that  suggest  that  physiological  conditions,  such  as 
drug  treatments,  hormone  treatments  and  changes  in  membrane  lipid  com¬ 
position  -  that  can  produce  alterations  in  membrane  fluidity  can  have 
marked  effects  on  rates  of  enzyme  catalysis  and  hence  normal  cell 
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(3)  Effect  on  Inhibition  by  Ouabain 

The  results  which  have  been  discussed  so  far  indicated  that  the 
activity  of  beef  brain  (Na  +  K  )-ATPase  was  sensitive  to  the  physical 
state  of  membrane  phospholipids.  However,  the  ouabain  interaction  prop¬ 
erties  of  this  enzyme  system  appeared  to  be  independent  of  the  bulk 
lipid  fluidity.  This  was  evident  from  the  fact  that  (Na+  +  K+)-ATPase 
from  beef  brain  reconstituted  into  various  synthetic  lecithin  systems 
(Tc,  ranging  from  -22  to  +58°C),  retained  its  native  cardiac  glycoside 
receptor  properties  (Table  23).  However,  these  studies  do  not  rule  out 
the  possibility  that  the  inhibition  by  ouabain  of  (Na+  +  K+)-ATPase  is 
modulated  by  the  fluidity  of  its  lipid  annulus.  This  is  a  possibility, 
since  these  studies  were  performed  only  with  single  substituted  enzyme 
preparations.  Attempts  to  prepare  active  preparations  of  beef  brain 
(Na+  +  K+)-ATPase  reconstituted  into  either  DPPC  or  DSPC  liposomes,  by 
the  serial  substitution  method  were  unsuccessful  (Tables  20  and  22). 

Farias  and  coworkers  claimed  that  fluoride  inhibition  of  membrane 
bound  rat  erythrocyte  (Na+  +  K+)-ATPase  and  acetylcholinesterase  are 
dependent  on  the  fluidity  of  the  membrane  lipid  phase  and  that  changes 
in  this  fluidity  affect  the  allosteric  properties  of  these  enzyme  sys¬ 
tems  (Moreroet  at.*  1972;  Bloj  et  al . ,  1973;  Farias  et  al .,  1975). 
However,  a  more  recent  report  from  Van  Deenen's  group  indicates  that 
inactivation  of  acetylcholinesterase  from  human  erythrocytes  by  fluoride 
is  not  dependent  on  the  fluidity  of  the  surrounding  membrane  environment 
(Frenkel  et  al . ,  1980).  In  contrast,  the  enzyme  activity  of  acetylchol¬ 
inesterase  was  found  to  be  strongly  modulated  by  its  hydrophobic  envir¬ 
onment.  These  findings  of  Frenkel  et  al.  are  very  similar  to  the 


observations  reported  in  this  thesis  for  the  beef  brain  (Na+  +  K+)- 
ATPase . 

The  results  of  the  "cross  over"  experiments  (Figures  18,  19  and 
23),  clearly  suggest  that  membrane  lipid  composition  can  modulate  the 
sensitivity  of  (Na+  +  K+)-ATPase  to  inhibition  by  ouabain.  However, 
the  ouabain  interaction  properties  of  beef  brain  (Na+  +  K+)-ATPase  were 
unchanged  when  the  fluidity  of  the  lipid  matrix  was  varied  with  syntheti 
lecithins  (Table  23).  Thus,  the  lipid  modulation  of  ouabain  sensitivity 
of  (Na+  +  K+)-ATPase  must  be  due  to  some  other  property(ies)  of  the 
lipid  bi layer. 

It  has  been  reported  that  ouabain  binding  sites  on  (Na+  +  K+)- 
ATPase  may  exist  at  least  in  two  different  environments  (Inagaki  et  dl ., 
1974;  Hansen,  1976;  Charnock  et  at .,  1977;  Frickle  and  Klaus,  1977; 
Schoner  et  al .,  1977;  Van-Alstyre,  1978;  Rhee  and  Hokin,  1979).  The 
difference  in  the  I D^q  values  to  ouabain  of  beef  brain  and  crab  nerve 
(Na+  +  K+)-ATPase  may  be  explained  by  assuming  two  classes  of  ouabain 
binding  sites.  If  this  is  the  case,  then  one  site  may  be  located  on  the 
surface  of  the  membrane  and  therefore  easily  accessible  to  ouabain. 
However,  if  there  is  a  second  population  of  ouabain  binding  sites  which 
are  located  in  the  core  of  the  membrane  then  these  sites  may  or  may  not 
be  accessible  to  ouabain,  depending  on  the  length  of  the  fatty  acyl 
chain  of  phospholipid  adjacent  to  (Na+  +  K+)-ATPase  protein.  Phospho¬ 
lipids  with  relatively  short  fatty  acyl  chains  may  allow  the  easy  access 
of  ouabain  to  these  "deep"  binding  sites.  Conversely,  phospholipids 
with  longer  chain  lengths  may  hinder  (perhaps  by  phospholipid  induced 
conformational  changes  of  the  ATPase  protein)  the  accessibility  of  oua¬ 
bain  to  these  binding  sites.  In  addition,  increased  fluidity  of  the 
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fatty  acyl  chains  may  perhaps  support  this  "hindering"  effect.  These 
speculations  are  in  accordance  with  the  results  obtained  from  the  lipid 
analysis  of  membrane  fractions  enriched  in  beef  brain  and  crab  nerve 
(Na+  +  K+)-ATPase  which  indicated  that  lipids  from  crab  nerve  enzyme 
preparation  contained  more  long  chain  fatty  acids  compared  to  beef  brain 
(Na+  +  K+)-ATPase.  It  can  be  calculated  from  the  results  given  in  Table 
2b  that  in  beef  brain  enzyme  only  3%  of  total  saturates  contributed  to¬ 
wards  long  chain  (from  20:0  onwards)  fatty  acids.  In  contrast  33%  of 
total  saturates  of  lipids  of  (Na+  +  K+)-ATPase  from  crab  nerve  contained 
fatty  acids  with  longer  chain  lengths.  Among  the  unsaturates,  56%  of 
the  total  unsaturated  fatty  acids  of  beef  enzyme  were  consisted  of  long¬ 
er  chain  lengths,  while  in  the  crab  enzyme  this  value  had  increased  up 
to  71%.  Therefore,  it  is  clear  that  the  enzyme  from  crab  nerve  is  mark¬ 
edly  rich  in  fatty  acids  with  longer  chain  lengths  and  contained  more 
polyunsaturated  fatty  acids  compared  to  the  lipids  of  beef  brain  enzyme. 
The  regulation  of  both  enzyme  activity  and  sensitivity  to  inhibitors  by 
the  chain  length  and  the  degree  of  unsaturation  of  phospholipid  acyl 
chains  has  been  reported  for  at  least  one  membrane  bound  enzyme  system, 
namely  the  mitochondrial  ATPase  complex  (Bruni  et  al.9  1975;  Pitotti 
et  al»»  1980).  Therefore,  it  seems  likely  that  the  chain  length  and  the 
degree  of  unsaturation  of  phospholipid  acyl  chains  of  the  lipid  micro¬ 
environment  of  (Na+  +  K+) -ATPase  play  a  role  in  the  modulation  of  its 
cardiac  glycoside  receptor  properties. 

It  should  be  recalled  that  membrane  preparations  from  crab  axons 
contained  higher  amounts  of  cholesterol  compared  to  enzyme  preparations 
from  beef  brain.  It  has  been  reported  that  changes  in  membrane 
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cholesterol  levels  can  alter  the  surface  labelling  or  exposure  of  both 
intrinsic  and  extrinsic  membrane  proteins  (Borochov  and  Shinitzky,  1976; 
Shinitzky  and  Rivnay,  1977;  Borochov  et  al.,  1979).  Although  it  is  un¬ 
likely,  it  is  possible  that  the  increased  cholesterol  content  of  the 
membrane  is  responsible  for  the  decreased  ouabain  sensitivity  observed 
with  crab  nerve  (Na+  +  K+)-ATPase.  Therefore,  further  experiments  are 
needed  to  rule  out  the  possible  role  of  cholesterol  in  modulating  the 
ouabain  sensitivity  of  (Na+  +  K+)-ATPase.  Unfortunately,  preliminary 
experiments  (not  reported  here)  indicated  that  only  very  limited  changes 
in  cholesterol  content  of  liposomes  was  possible  without  destroying  the 
integrity  of  the  reconstituted  preparations .  From  the  information  dis¬ 
cussed  in  the  Introduction  of  this  thesis  it  is  evident  that  the  polar 
head  group  of  phospholipid  molecule  plays  a  major  role  in  the  reactiva- 
tion  of  lipid-deficient  (Na  +  K  )-ATPase.  Maximum  reactivation  was 
achieved  with  phospholipid  molecules  bearing  a  net  negative  charge. 
However,  the  influence  of  the  polar  head  group  of  the  phospholipid 
molecules  on  the  ouabain  interaction  properties  of  (Na+  +  K+)-ATPase 
has  not  been  reported.  Although  it  is  unlikely,  the  possibility  exists 
that  a  difference  in  the  net  charge  of  the  lipid  matrix  is  responsible 
for  the  observed  decreased  sensitivity  of  crab  nerve  (Na+  +  K+)-ATPase 
to  inhibition  by  ouabain. 
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F.  Summary 

The  observations  reported  in  this  thesis  can  be  summarized  as 
follows . 

a)  The  (Na+  +  K+)-ATPase  enzyme  system  can  be  incorporated  into 
liposomes  of  desired  lipid  composition  by  the  gel  chromatography 
technique . 

b)  The  ouabain  interaction  properties  of  (Na+  +  K+)-ATPase  are 
strongly  modulated  by  the  membrane  lipid  composition. 

c)  The  ouabain  sensitive  ATPase  activity  is  dependent  on  the  phys¬ 
ical  state  of  membrane  phospholipids.  The  bulk  lipid  fluidity 
will,  in  general,  regulate  the  (Na+  +  K+) -ATPase  activity.  The 
(Na+  +  K+) -ATPase  enzyme  system  requires  a  fluid  state  of  memb¬ 
rane  lipids  and  a  longer  fatty  acyl  chain  length  to  be  fully 
active.  In  contrast  the  Mg++-ATPase  activity  appears  to  be 
relatively  insensitive  to  changes  in  the  bulk  lipid  fluidity. 

d)  The  bulk  lipid  fluidity  does  not  appear  to  regulate  the  inter¬ 
action  of  ouabain  with  the  beef  brain  (Na+  +  K+) -ATPase.  These 
observations  however  do  not  eliminate  the  possibility  that  oua- 

.j.  -j. 

bain  sensitivity  of  beef  brain  (Na  +  K  ) -ATPase  may  perhaps  be 
regulated  by  the  "fluidity"  of  its  lipid  annulus. 

e)  It  is  speculated  that  the  increased  chain  length  and  the  degree 
of  unsaturation  of  the  phospholipid  acyl  chains  or  a  phospholipid 
head  group  effect  may  be  responsible  for  the  decreased  ouabain 
sensitivity  observed  with  the  crab  nerve  (Na+  +  K+) -ATPase. 
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Although  the  results  presented  in  this  thesis  indicated  the  de¬ 
creased  sensitivity  to  ouabain  inhibition  of  crab  nerve  (Na+  +  K+)- 
ATPase  compared  to  enzyme  from  beef  brain  reside  on  the  lipid  compon¬ 
ent,  the  present  study  does  not  allow  a  precise  interpretation.  The 
fluidity  of  the  lipid  matrix  was  found  not  to  affect  the  ouabain  inter¬ 
action  properties  of  the  beef  brain  (Na+  +  K+)-ATPase.  However,  the 
effect  of  polar  head  group,  increased  chain  length  and  degree  of  unsatur¬ 
ation  of  the  fatty  acyl  chains  of  phospholipids  on  the  ouabain  inhibition 
of  (Na+  +  K+)-ATPase  remain  to  be  seen.  It  is  quite  possible  that  modu¬ 
lation  of  ouabain  sensitivity  of  (Na+  +  K+)-ATPase  is  due  either  to  one 
of  these  factors  or  perhaps  a  combination  of  two  or  more  factors.  There 
is  no  doubt  that  the  concept  of  lipid  modulation  of  cardiac  glycoside 
receptor  properties  of  (Na+  +  K+)-ATPase  requires  and  deserves  further 
investigation. 
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